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CHAPTER

ITNTRODUCTION

The heatina of ;11(‘:;m‘,:; to thermonucloar tomperature:s: i
Aomajor problem in the quest for controllad thermonueloear
fn@iun- K problem oxisto with many ot the hoat {ng Sl e
that have been nsed pn experiments in that thois otticiency
drops of i with increasing temperaturo. Plasmas 1n
solenord are often  heated fhronqh LNVerse hrwmuut}ahlnnw
absorption  of  laser radiation. Tt is difticalt to Achmovh
qaou enerdgy  coupling  at high tompérdtnrns with tha

mechanism,  since  the' absorption length is proportional to
T . In this thesis a new technigue, of heating a plasma in a

'

so0lenoid 1¢ investigated.

This new techhique . involves enhanced absorption of
raliation by a plasma and can be achieved when a difference
frequency harmoni¢ is generated through the nonlinear mixing
ot two iﬁtenSe 1asér beams. The poyerA absorption can b«
optimized tvy fbréinq'a mode wﬂ&ch is close to a natural mode
in the plasnma. In fhis thesis the éase-of two'antiparallol
lasers-with a diffefence frequency close to thét of t he
natutal'Lahgmuir mode is investigated.

Theoretical studies of heating through the nonlinear

mixing of waves close to the plasma freguency have been done

by Fuchs et al.!, Cohen2, Schmidt3, and Capjack and  Jamese.
B o T e
‘The results of Capjack and James allow a heatinc rate to re

calculated from the laser povers, the plasna temperature, -

N



amd the plasmy density. 5

STERE trequency heating  could prove e tal e o
techpigue in heat ing plasmas  to  very high  tewperatar e,
-}

Thiso  approach dsoin contrast to the normal heat g approach

where daverse bremsstrahlang 10 the ondy heat o e hant e om
“he abrsorptaon Length  of Taser radtataon thr ouagbh onve e
Do omsstrahlung g very long at hiqgh tempoerat ures:, T8} t
path length of the laser bheam throuagh the plasima muct aloo
be very long to ensure that g reasonabloe fraction  of the
Lacer energy 1s  deposited in the plasma. The nonlinear
heating process,, however, could allow a signiticant fraﬁtinn

of the laser energy to be deposited in a4 short lonath. of

rlasma.
5

Studies to date on tho noniinoar heatinag process assump.
that the frequency of the_diffefoncp frequency hdrhonig I
very close to the frequency of the Lanqgmuir node. I'n  npnost
experimental situétions the frequency of the lanamuir mod.o
-will change signjificantly durind t he hoatiﬁq Procesa due to

. _ 0
A c!gnqe‘ in electron temperature and densityv. Vor thia
reason it impossible for the. frequency of thre differenc.
frequency harmonic to be c¢lose to the freguency of t he
Langwﬁit mode during the entire heating procass. "n  this
thesis an investigation 1is made of the sensitivity of the

nonlinear heating process to changes in densitv. The

.

cduplinq%of energy to a plasma will be shown to te increased

7

bv increasing the plasma density beyond the value necessary



to make the troequency ot tho Langmwns o ot TR t o v}
dlt{vlvnrw trequency ol the Lasior o

‘ The, amounpt of enervay that can b i b b by o ma
1noa solenoid through the nomwlineatr proce: Ve e e to
the amount ot Tenerqy th'“VdH oo abrorbast thy oaab rnver o
Bpcmr strahluaneg g A comptrtos it whiyoh v bt th
magnetohydrodynamic behavion af Tt h ploasma bt coxrands
L”H(Hd!dﬁ during the heatinag proce®s o gqoed, b prmulat)on
allovw:s, an assessnent to he pade o the placma copdition.

necessary to optimize the heating procos.,



, o
('P(H\l"!'l B
THY O HE AT NG P“:’Y'Vl!)\NI'ZM
: o
Sl PHY STOAL MEUBANTL O™
. o

[T thi :..-r!w«n{ coormae Of the Vot alt ot g paper Yy

g oand Jdamest on St he a0l heat o eagone y vh.n;‘ o it

the vlectron plasma treéquency are Prpetly cgmmar e 1.

L

I'n the o -;.tu«iy the fellowing aconmptrons ot ¢ omey tes 1 b
heatanag  due to the  nonlinear ooantoractron o R
trequency laser beams 1y conpldered: the conree ,u.chv> haaye o
frequency much areater than the electron plaﬁma freeqpuency

and s0 they can be approximated as fres Space waves  Un i

plasma; the electric fields of the source waves are lineagrly

o
polarized with c¢omponents onlyv in the y-direction; the 2o
nagnetic field n 1s in the 2-direction; f}':vv,-pldiimfa: b '

1soticopic Maxwellian equilibrium distribution tunction, |

)

The analysis begine by finidng the plasma dgstribution

functlon from the Vliasov eguation. =~ :
S . ’ - ’ : ¢
<3 o . :
T ¥ = Ve F V
— ey e S : SR R B (2. N
-t e T m C v
o = : i . i N
- ~ T
where . =+ -for ions and -:for electrons. The solutivn to €
. . ‘ S -
squation (2.91) is .expanded as » T s J
[ 3 o N : -C'



r‘E : R
AE 1E; -Aexp[i(ka;—'mjt)],f c.c. ‘ (2.2)
B " BSJ b Lo Jv o L
~ L g ) .. ) ‘,’

Her'e the frequencies and propagation vectSrs;of'the two
soprce lasérsLaré-(wi,gly and (uzfgz)-» The"fréquéncy”‘and
B ] et ] Lo . . S R :

' : : , - o S ; .
proragation - vector of ‘the arivén beat frequency wave are -
L - . ; " ) -

' fm3;h§) where - oo - .
@ - ; R - ' n
‘ . .
. 0 :
w3 .T Wy T w2 . .
. (2.3)
ks = ki - k2 R - e
) X . " R B ‘ .

Tt is assumed ‘that B, , ki, ki, and k; are all.in the

z-direction.

~An°expression for the zeervélocity moment. of f.° . 1s
found to be e } a
o g 0' N e ;foi(u) )
e 3 R O TaTaE
s~ = (== AL -
Jf37(y) duy le m-) E3 wi-xu  © u .
L 2 ‘ . . .
o 5 . o B TS
! 8] 2 : eo £ : S R
3 iz El EZ K- u f_° (U)
+2 (8Bt Lty ° o 4 u
e Wl wy v, 7 (s N Kzu) B
N >

\where ‘u is the'veiocity'cqmponeﬁt'alonq the z-axis and .V

. is the thermal velocity. 'If this result is substituted into




©

v Ey = amne (fFT(v) divo- [FT(V) d v - -

and the nonlinear term for.

icns is neglected, the

Q.

expression is fdund for E3 .

fant ) e
. : ° )
[ .
- 16

E '3..nxjo‘ ey kg (14§ e FT) (PP

E3 : e g T + . _ " —‘
lﬂ'?ﬁ ta Flage B +agl Byl

B . . ) o - ;

‘where
n, =-plasga'dénsity in cm—3,
K=k:»  where XDv=‘Debye length, C el

»; and >, are the

-microns, -

) 3 : R . s, . o
P and. P-. are péwers of incident beams in Vatts/cn2,

<

0T ':/ik:V%i)‘ o

T VR exb[em u 4k, 127 o ," ‘
= r - .€<, )Be ~d . . \"

== (ws = kyou)

o Q.‘
=
- " s LT . . .‘ - . : .
StixS has shown that 'F’-can be written as

followiﬁq

(2.6)

Chd

]

_waveiengxhskof the incident laser beams in -



“The ‘eiectron-ion collision'”'frequency, )

~whkére the plasuma density n

equation (8.3.11), &s

o € . k3 . ‘ Z » . " )
: F A TT;{— exp[-aOE ] + Cr2 1 .S_(aOE

Q

L st =e? f etar o ﬂ\\ . RRRTERS
\ : .. . R : ' IR B

" The - function S(z) -.is Just the én@plex- error_funﬁtiph.

(5

Coiliéional damping'efgects;are,accouﬁ%ed for._ by defining

the real part,of F; as C o S ' T -

. - h
Jei . may: Dbe

R DU . - . :
approximated-ags (see Clavier®) . . .

A , St S »

, -5 L
e 2.5?;10 no : ?w’ . R A (2.171)

o 1s. given  in cm=3 and T, in
°

S ! ; ’ v
electron volts. o , P

The‘-&énbminator"éf' eédation'y(2.6)‘éan be written-'as

,K?D, where D (kK3,u) is dé:define@ in Krall ani TrivelpiecéZ?, .

rLo

d



R
C o
. . 4rn e ky 5F /3y ; " i
D(kgow) =1 %] 00 Q. du © - o
- T P a2

. °©

‘D(kg,Q) 1s called the dlelettrlc fuhcfioh; ~and its <zeros
ﬁ correspond to- natural modes of the- plasma. If.a'Mamwéllian
dlstrlbutlon functlbn 1s substltuteds'lnto ~equ.ation (2 12)

ﬁor-~ff} and the lntegratlon 1S carrled out 1t can hn shown

[o3n \
that . | | _(\N L ; : ; ,“}
Sz 2 . . R o o o o
KD =K +2+4 (o F va ¥y S (2013
- . - - 0- "0 o+ -0 s - '

“The, avefa%g power ‘absorbed by the olectronq in thpf

et

'»plasma from the induced 51gnal is. glven by

Hzo= Ry {(d3z) E3) - - . AR AP

o

wherq‘Jgé is ‘the induced electron cutrent;iﬁ the z-direction
' R ° . . . "‘

(sée discusion-.in Capijack - aaé Jamesé,fbllowinq equation
(11)).

By. expre551ng J z 1n tenms of the. mObllltY téﬁsors.as/'

J»gigen in Stlxs; the heatlng rate. may be expresqed as :
,:WE*zfgggt— Re (Mzz) [Es5] (2.15)
D . ] . L

‘where “peais the‘ieleotronn'plasma frequency, .- JiS 'the

.o



\ o I .9
E . * ) . ‘\t%\ i N ‘ _ . .. . ‘
" electron cyclotrOn frequency and »MZZ *1s the. electron

e

mobility tensor. Substltutlon for n 77 YIQIdS‘\

-

yo ) : ©

2 2 : . S .
: \) . . k3 ’ N ) . Cl
Ceq . . ) it | _ergs . vy2 16) .
(P‘——)_ Max | — 1o Ao eTtor ey (9216
o [Busa ’ ST o em sece

'.TmiS‘eQuatfon'is valid in the limit where‘either colliSional‘

or. collls1onless ,damping is Jdomlnant The expression is

~only an approx1matlon in the réglon where' colllslonal land
( R

COlllSlOHleSS damplng effects are of the' same order-'
N \\- \' -
\\

~.
~.

2.2 '~ _HEATING CHARACTERISTICS AND
~ . L. . L . ~_
THE LANDAU DISPERSION RELAT

Qwhen».the .central core Qf‘,a olasma:" lenoid ‘is
.meated the plasma expands outwards 1eav1ng a reduced P
 dens1ty in the core. The rate at thCh the .plasma expands B
outwards durlng the h&atlng is dependent on tbe heatlnq rate
and‘jthe 1r1t1al magnetlc fleld in fhe solen01d Gltuatloms

e

':can exist, uhere the den51ty of the central core is .depleted
lto' lessarhan ten percent of its 1n1t1al value. Thus, since
the den51ty and temperature of the plasma can vary qroatlyr
ldurlng the' heatlng process,.the frequency of fhe Langmulr_
mode can’ also vary greatly \\\efore d01ng 'a 51mu1atlon\ of
sueﬁ an‘lexperlment .a knowledge of the dependence of fhe
'nonlinear> beatlng\ mechanlsm on,-the} plasma dens1ty- amd

‘%emperature :isi de51rab e. ThlS allows “the: 1n1t1a1 plaSma'



o | _ / ‘ 10

N ‘v . ' ) t ' T ’ -

parameters to be chosen so .as to optimize themplasma heating
. . _ ¥ Te o . o T : . .

‘rate. ‘ e B v L

The heating rates can be calculated by numerlcally

evaluating eQuations (2,6) and (2.1&). - The. Speclflc case

that wlll be con51dered is one where two Coé ~laser beams

Bwith wavelengths' of 9.6 jandv-10.6 microfs are mixed inca .

Yoo oo e 7 S ‘ -
~hydrogen plasma. . The heating rates calculated below are
given in terms of the Qiﬁensienless”quantiﬁy

a E . ) . . . . B LR . @

swhereyl' 1iséc. watt52 /(ergs cm*). wg is proportlonal ‘to

the power absorbed/partlcle in ergs/sec 1f P1 and P» are in
watts/cm2 . The- electrlc fleld is normallzed ‘so _ that - the
quantlty, E;, is 1ndependent offthe'incident laser powers.

o

s 2

The graph iﬁ“?ig.-L gives “the values of W, and E;°
‘.//rersqs n_ for variohs “values of temperature,iT(eV)._ The
graph in.Fig. 2 glves tne values of W3 and E, versusewT(eQ)

for various: values of den51ty, no.'i' o ‘n'{ o

;The'MSharp minimum~at about 50 €V 'in the second set of .
graphs corresponds to a polnt ,of- minimun dampiﬁg of _the
drlven. wave.= Here colllslonal effects.are becoming: small

and colllslonless damplnq is just‘taking.over-'

W
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From equation (2-16) it ma#\hn efwn fhu"V$t ﬁd'w of
enerqgy Coupiinq to the plasha is. ma#imizoi when NE 12 i
maximized fhgough tﬁe eelection of an operating point. With
the use of equafion (2.13);"equation (2.€6) "can Le Qrittvneah

-16

O3 1IK10T Y ke (Ve ) P
E = ,:"‘_‘“*"“’*“ S S o e e e
b VI L
K D(K,us)

[ . N v
12

Thqé l1E:12 1is maximiéed if $2Dvis.minimiggd, Minimum vaiuoﬁ
,0f K2D -are expected.wﬁen the drivipg Erequenby;iw , 1s close
to a Zero of-D,'or in other woras,ikhen the ~ the plasma ie
forced at a frequency close to a natural mode 1in the plasmat
The’ poeltlon of the zeros of D (K, u) is a\fdﬁction of K. | Tﬁe
parameter,:,K,~ is a'fpnctlon of denéity>andAtempe£eﬁure and

can be written asg

_ T
o
U0 Tarel ol T Lape/ke)

This. - sdqqesfé that- the respeﬁse*of the heatﬁngvprocesa to
.varyinf’T parameters sucb as dens1ty and ‘teméerature can h?e 
.cualltatlvely deterpmined from .a plot of the zeros of D.

fre iterati;é- proceéure used by Fapjack and’Jamcs° ;ae
uced to Flnd the flrst three zeros of this exp£e351on.ovor a
'\ranee of K values.” The first zero of. tth expre581or ylelﬂs‘
the'complex frecuency corfespondlno to the Lanqmu1r ‘moae.
The other zeroes Correspond to the ;omplex Frequenc1e% oF-

»Dlasma osc1llatlons Wthh arev'noﬁ _normally CQQSLdered as

Anatural :_modes of -O0scillation ,51nce they damp  out- in



T

approximately one period of oscillation.

.Figv. 3(a) and 3(b) are piots of  complex }réquhnudnr
corresponding to the first t}roo roots of D(K,.,),.normalized
to wy; , as a function of.dénsity, for temperaturcs of 100 v
and 500 ev. Figs. 4(a) to d4(c) are %;mildi_plo*s, but AL
plotted as a fﬁncﬁion of temperaturg fof plasma»Qvnsitiuu of
4r1Q1¢ cmfﬁ, _1.68x1017 em“3, and 4x1047 cm— 3. The '%x' at

1.0 on the real axis of these plots indicates the position

of the'pele corresponding to the driving ff@~uency; .

f

Fig. 1"$hous '@ 'sharp resonance in~t  and W, for a
density'of about 9x10t6 cm—3 when the. electron temperature
is 100 eV; Pig. 3(a) shows that this porreépénds to the
point Qheke wy  is closest to the7natura1 frequency ofv'the
.Langmuir_ mode; '-piqf 1 ,aiSo:'Eho%§ that no such resonance
exfsts forvtemperaturés\Higher\than SOO.eV.F‘From “Fig. 3(b).
it can be seen that the reason for this is that the Langmuir
mode‘ is heavil? damped at;dénsitiés tﬁatﬁméke'uj'equal_to -
'thé-real<part'§f-the Langmuir moée's freqﬁeqcy, and thqé ;ts

pole never gets close to
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o= owg (1-1Y), Value of parameter ° is
‘given in- brackets where & is deflned =Ye)
that the density, n,*£x1 O7x1017
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In Fig. 2 it can be seen that there is a

E. for a témperafure between J00 and 200 oV audia @énsitquf

o

pole at. .., and the pole corresponding to the

~is minimized in this temperature range. The general shape .

-

of the graph of' E. versus témpgrature er

;

‘20

¢

regpnahce- in

4x1016 " cm~3.. Fig. U4(a) shows that the di§tahce‘5etween t he

Langmunir mode

a. density of

i.08x1OL7 _cm‘3 can be explalned with the help of.?lg- 4.4 .

The 1ncrease in £; a2s temperature 1ncraasos to 6 eV is~'due

to a decrease in zollisional damplnq.,’The docr@aso 1n E. 2s.

. o E
temperat idre increaSes from that point can he attributed to

/

the fact that the pole correspondlpg to the Lancmu1r moda_lc

um071ng further from - wlth 1ncrea51ng temperature. - Fig. 2'

.
12

shows ‘that at a density of: 4x1017 Cm‘3‘

temperature indépeudenf'fréﬁ 1. to 1000 ev and

drop off. Fig. 47(c) shows this to be con31stent with the

E- is almost

‘then starts to

¥

—'MEflon of the Langmuir‘poie'away frdh;3,;t Fig. "4 (c) shows,

however, thar$ét low _temperatures poles corresponding to

'other ngtural nodes of'the\piasma are cidse to

at a temperature of about 50 av,.thé‘distan¢e>

‘the " pole corresponding to.the second queoié
the temperature increaSes“ this pdlé moves
: arure = P ‘

rapidly. rPHuS, SOme"sor£ ’of* resonance

o} ’ 6

Qbserved- Because Of' thls »dlscrepancy‘the'importance,of_

~

‘these -~ higher order ' nodes | iﬁ‘ the heating

“inVestiqated' 'further; N .Contour "maps of

e

|K2D(K,.) | for the quadrant Re\r)>0 and Tao(. y <o are ‘Shown in -

X : o
. L ¢

temperature close to 100 €V would be éxpected. 

between .. and
minimized. As

“awav from

‘.in E.  for a

'This‘is not

process. . was

tbe functlon



El ; ! . 2 . ' o

Fiqs. 5(a) to S(e)- .These contours are drawn in such a wéY‘w

]

'thét'|K2D(K,J)l) chanaes by cegqual amounts--bafue@n centour
‘lines. A set of computer qenprated thrp@ dlmanlonal plot

“of 1/(|K2D(K,r)|) is shown in qus--_ﬁ(a) to 6(9)-

Pig&y - 5(a) - SIC)'and"é(éy - £ {c) show that .for iarge

K,:‘higher'_order,_poles are almost as wide as the pole
c-rresponding to-the Langmuir mode, but"th%y” are ‘heavily

damped. = It is also seen that thpse polps correspond to' a-

higﬁer fréquency‘of-osplllatlon than the Lanqmulr mode. . AsS

XK gets, smaller theSe-.poleS' rapidly Aiwminish in  width

compared to ‘the” Langmu1r pole, moVe,in‘fovards"bher origin,

E

"and  line up. on a llne_ at an' angle of 45 dco ees. At

D

-afprox1mately K= ¢ 3 the’ F1rst of these poles has a fr

less tban that of he».Langmu1r mode.

:O"D-

'S K grows _ even

guency

smaller, -more'of,thesp poles move, in with a lower freauercyv

.than-fhe,Lahgmuir modé- PR T

The fact that ~ no Tesonance ox1§ts in ‘'t - Forl a2

) .
enperature of 1OO eV anﬂ a Ren51tv of ux1017 cm—3, 25 Shown™.

°

Sin Fio; 2, éVen tkouah Flg-iu(c) sbows that . | 'i@;close'to-av
'pdlé'“ can rov “be undors_ooﬁ in terms of the form of D( e Y .
This ¢ nperaturc and den<1ty ylel& K=O 15 ’ When Kis thls

"small the ‘hlaher“order poles of tho Funct1on 1/(K2D) are '

‘very narrow,'and even . thouch thev aré‘ CIOSe’ to- the real'

b

.ax1s, thev' ‘Ao ’not apprec1ably alt%r 'tHe 'Snape‘_ofIthé'

v

. LT \ o ‘ .
: Funcrlon alonq the real ax1s

L3
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1K2D(K,w)l, for K=2.0. ‘Minimum contour
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is increased by 1.0.+ Maximum value is
10.0. o C L o



[N

viaw

Th

i

ree dimensional

6 {a)

FIG;

/ .

‘value of 100.0:

€ v @© -
Q.v
Ol
Y © O
it 42
[~ )
[(FEn= 1
o nu
w, o
E <
w o0
[LLERS S o
N
— 0. Q
I.LU.FL.LA
— "]
0
s @ DN
AR
et N )
a Q.o
[\ © I
M. Q9N
- > U
=0
N
o
. 0
[
O.n W
- o 0
+ U ©
O MW
[~ e W]
o009
“Ho 0
[« R e !
L O 0
+ M gy



Il

26

Lt
; ’ | M
I %
.G
0.0
FIG. 6(b)  Three dimensional e o

the function 1/(1¥2D (¥, . Y1) a5 seen fronm

30 degrees ‘above the’ bottom surface.

Top: ‘surface ofﬂkcube',gorrespopds to a
value of 25.0. K=0..50. '
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the function 1/(1K2D(K,.)|) as scen fronm

‘%0 Jdegrees above . the tbottor surface. .-

~or surface of -cube corresponds to a
value of 1.0. ¥=2.0. = ‘

@
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FIG. A(c)- . Thtee . dimensional view of




‘v\l
" w
Fiee. 6(a} = H(e) also show the qgencral dependenee of
ELoonoL. From Fig. 6 (a) it i seen that o Strona rosonance
n . )
AL WER G 101/ E2D(K, - )b, and thas in B, if . 19 Yo t o

the Erequency of the Langmuirt mode. A K drnw? [nlqwr t e
stren flt“fx‘ ot th in resonanGe: hoc C)ﬂ\f‘f; smaller. Pra o 6o(hy chowo
rf&t Etu rpsonéﬁcw ig wgék wﬁwn‘F:O.ﬂ..‘?iq.' f(h)iqlﬁo
thw? that thg value of T/lK?D(K,, ) 33 muh 1dr§wr 1F

1 targer rather than less than the Lunjmujr frruﬁwvry.
f?iq; r{c) Sbowé thét almOst no rOéonnncn oxists whanp  w=1,0,
aAna rhat'ﬁhe function, 1){K?D(K{ Y, 1 qlmoyf Lndr[vnmvﬂt

of for a wide ranae of . around the~ Langgiulr ' fregunepcy.,
Since K 1e large for hiah temperature.s littlos importapce can

e placed on .. being close to the freguency of the Lanagauir

‘moie fbr righ temperaturss.

The ceneral shape of *the Lancmuir rols can he doriv. :

anaiytically for ¥<<1. .The fact that for <=mall. ¥, trea
et . ) . . ’
Larmgruidr pole is very close to. . 15 us=4.  low,
o : . - :

‘Thtus for small X, . is large. ror. large

-~ - N ‘I } :
FToL 2 i sl B T G
(O T 0O- ’LO-_ 2
. ~O~_
Thus, for this case it is four traf near tte Lancouir zole,



T T T T T S . ' (0.0 0)

0 - 0 -
-
Fauatrion {(s..0) has a zero at o, - 1/ 2 ¥y which, bty ooaaat tor
(2.1, corresponds to | = - Fquation (.2..00) chows that
: pe. . ‘

the Langmuir pole cannot be  consideraed to bave A aimn 1
1/ 4(1/.5K)) dependance when 1y oof the came order of
magnitude as K or larger.
2.3 COMPARTSION WITH. INVEREST DREMSETE R IV

F19S. 1 and 2 sth.that difference frean,poy  beatina

i . relatively insensitive to fluctuitionps in olaifma Sensity

ari temperature. If the powers of the 1< 0t Vaserns re

sufficiently high, a significant =r-ancezont 1n the rat- of

plasma. energy absorption over 1nverse Pr.ooostraslung
azeorption ¢an te realized. ' This snbancoTsnt covers a witie
range of temperature ané dehnsity.

The rTete Of power'absorpficn' from  the lrzer trreouan

irverse bremsstrahlung. is - given by Joknston and Dawscn?, ar?

Zan te written as. e
\
P A : o=
P S i g i T 6o '
fop s T e . ] = ‘S'D&H,‘ : (2.21‘
L3 .. : ’ . : .
1 3/2 ¢ osez
5 Ive i .
‘'where n . ic .the plasme &lectron Adensity in cn—3, - is  the

.incident wevelength in cm, Te is the electron terperaturs in



o byoand b e ancrdent

Tl be atang rates dae

c¥Xproessod o in terme ot the da

Al P owe T soan o wat b ot

o InverSe hrem:catrah lane oo i

monsionlesis quant ity

) { R ' (.. )
L U .
‘ ) V(v
Wwhep T 1 secawatta/(ergs omn?) . Table 1 licte valueo of
) . o~
¥, and® the ratio /¥y for various values of dencity o
s ‘ ; ) .
temperatured If the power densities of bhoth  input 1 v 1
ACs  ©qual, (i.e. P-=P =pP), the ratio in Taple 1 multivlie

“hv p, ?ields the ratio of

nornlinsar process to the

“repsst*rahlung: The inverse

of P for which WH.o=W o

densities of the input laser

"iv an enhancement in the pla

one  orda2r of magnitude for

power absorption  Auc to  *he

povwer absorption Jue to inv.r:.

of this ratio vields the “Tvalue

Tabkle 1 shows that if the cowsr
s are rtoth 1011 vyatts/cm?, *here
sma power ahsorption of . ahcut

an electron température range of

500 =V to 5000 eV and a'dehsity‘ range of |5x1016 cnp-3 0}

Sx1017 cm—3, Since the

proportional to- P2, while

proportional to P, a plasma

two orcers of magnituda woul
N . . \

lasers. had powar densities o

nonlinear power| absSrption is

inverse premsstrahlunc is
ﬁower absorption ehhancemené of
d‘pe experienced = if the injut

£ 1012 watts/cm?.
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CHAPTEFR 3. ‘
. a . 0 . . ) .
. " THE M. H."D. 'CODE o e
| " N . e «
2.1 S THE HYDRODYNAMIC MODEL
o E e i ) ' N

Fig. 7. shows a schHematic ‘diagram .for a

9]
o)
g
Lot
- }_Jv
+
[
T

experiment on the -“beat frequency theating of .a plasra.
o L N JER . : T

Dzring such an experiment both ‘the olaSmal%enSifv an® plasma

E)

tomperature change at a, rate depenaen+ ‘on the “catlno rate.

Tre heatlnc rate in ‘turn, is dependent on ths tlasma ﬁer81tw

'and»tem@erature-__A prealctlon of tha‘total enargytha*' can
o ‘

abe ‘coupled to the plasma through +hc beat frocupncy'heatincx

'proccss caﬁ be ma&e wlth a° computer code which simulates tr.

;H%W berav1or of the plasma asclt is heat@ ~*'Th@j_FHD:'COde
N . 4 . g T 5 ’ o .
- usec. is a nodified version of the code descrihed Yy furnett

and Cffenbergerto,

bR Eﬁ Eﬁ X E§

a | W TZIZ7777I7 77T - Wa
’ ”\/L/\/\/\/-e La'ser hdocedo core h/\/k/\/\/\ﬁw/
Paser =1l 77 ///v' /TLZE', S La“” %j
o oM Cl,[l I ) B , ‘y P
2 i ; N g. e . g
) N e .
PG chematic of a beat frequency heating experiment

o

A cbnfiquratiou ofitvo antiparall@’, wall Focucnu bears -

m1x1nq in The center of thp solen01d 1@ asgumcd-r,Thc laser

- BN
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e ., . . . .

‘radiation in the center of the solenoil will cause the qas

“difference

"pafallel électron “temperature of T

‘to Qeat'ih the center and expand outwards. Since the piasma
T v . : . . . . L

is a good Céhddctqr the magnetic field 'is trapped in 3the

gaé;  ;nd"thué' éxpénds out Qith.it, :fhe.cdmputer rouﬁine

inconpofates .anf .exéCt  ;ééiution SE  the. appro?tiaté

magnetohvdrodynmic equations to desCribe‘thp radial dvpamics

of the plasma in.the solenoid.

The following discussion’ of the routine follows *that
oiven by PBurnett and Offenbergerlo. " The  aornly major
' . ) . to ) T .. ’ ! )
‘between this routine and that used by Rurnett and

=}l anad

e}
(-

Offenberger . is that this version Separates para

petpendiéulér'electron temperatures. .’

-

A ‘fﬁlly{.iohiied _three témperéﬁpre' olasma with_;'ﬁ”

W
*

yr -3 terpendicul

. elsctron temperature.of 7, , and ‘an isotrosic ion temperature

-have the same local‘number'dehsityp N,., and theé sanre raiia

.0f’T; is assumed. The ions and electrons are  assumel ToO

)

fluid velocity v. ‘Apart from hydrodynamic terms, eneraqy i

.transported ' by electron - and  ion thermal  conductidn.
adiztion transport is nedlected. The “magnetic. ‘fiel3 = i

~assumed to ‘¢iffuse due to a classical electrical Easlstivity

S

-nonlinear heating process discussed . in

with ~ joule  heating being absorbed by the electrons.
addition to electron heating' que to . inverse  bremsstrabhlung,

absorpticn, the present versicn .of the routine ‘includes the
. DR . R . . . SR . i A . B

a

’

tanter TwWo. . The

‘power absorbed: through ‘*he ponlinear Crocuss is convetéei

o



into the component of electron thermal energy parallel"to

o

‘the 'magnetlc ‘fleld. < hlS makes 1t necessary to cal&u]ate’

. o
: the.‘perpendlcular -and parallel : electron temperatures

'separately. Parallel and perpendlcular thermal energles DL E

a

éSSumedc to be .exchanged accordlng to ele@trcn—lon,_and

electron electron COlll 1on-rates. VElectrons and ions éfe

D

-assumed to excbange energy at the clas51cal edu1part1tlon‘-

.o Jee

. e

rate.. An art1f1c1al v1scoslty 1s 1ntroduce€ to numerlcallyf

handle' .the ShOCkA vave vhloh Cise generated\ by ~stgomq
eipanSiCh.‘[The artificiél' visoosity' ﬁas “the \efFect of

nﬂspreading 'the. shock front over Several mesh p01nts ‘ Thise

o -
c P .
technlque 1s descrlbed by Rlchmeyer ano Mor*onll

R4 . . e
TN

In thms code othe»~z-dependengé* qf"the--wgriables':is

vneqlectedqyf-_The . 1mpllcat10ns _5of'\£his' assuﬁptioh are

G,

-dlscusseo létEr-' The dlfferentlal equatloas tbat are,solyea

fpumerlcally to determlne the ﬂ ‘H. D. behav1or of “the .plasma

; a
‘ P . ) . . . ) e
.are glvenlbelow, . ’ o

- k . L N < -

'Contiﬁgigl or Comservation of Mass .

S ‘0

3 ~ ' . S ok-‘.v - ., 0. 'V::' T (3l1) )

e where L= radlus as measured from tbe center ot -t&e ;solenoii

- : . o - .
and v 1s t%e flu1d‘veloc1ty (which - ds ¢9T1n€u to-be in” tk:

a
/

radial dlrectlon). ' S = g o e
) . R . : S

e ) - : . ) . &
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.

'Consefyationgof Momentum .

N sV . . » L _R. p’ ; .
mino(;{ﬁ f.v ) :~£n kB(L 1)+ Pp + Q] :.Zg'%% B {3.2)
. o

o . o ' » e
vhere ai:”pe‘ﬁ {(E2/87) is_the‘ponderomotivegpressure of'th@

 1igHt and 0. is$ the art;ficial .v15c051fy term dlqcussea'
. ) e SR

above.. As glven by Rlchmeyer and Mortonll thlS‘teEm.lS

- Y ‘ . ; ) ‘ ) . ° . . L e
ol_". ‘\ -
Q=Amn (=) . v/sr <0
5 e )
Q-=4aq sv/ar s 0

‘

-whereu Ku‘ls é constant chosén in su#h a. uav as- to cause tbc‘
;sbock front to‘spread over -a dlstan;éoof about. ‘three times
the wldth of the spac1al n@t used in t%e-routlne;”,?xcept atl
a ghock front thls term . is yery‘ cloco to zero and is
Atotally 1nslgn1f1cant Fér ﬁhé'case‘off!av strong .magnetic;
fleld in:'the; solen01d; Shock frdnts_do ﬁot fbrm éﬁdffhis.

pérm-could.be dréppgd from the ‘'routine.

A _ : o
fnéfﬁx Coﬁservﬁtioﬁ fd; thefélééﬁrgﬂ éas. J
o : :' . . "o
R S T AR SO
o ;. RV (3.3a)
e N L R U AL KON R N B 1 ST
3 N ?éql - 3 noa 3 ?c‘ ‘ ‘
_ : : o
whér§ :;kéi ‘is-:‘thé?mai _vanducﬁiﬁiﬁy ;‘ﬁividéd_',ﬁy'~ké,

o
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zj:Lc'V(4~)] (;r) is pover from joule heating, . - is the
electricai -f%sistivaty,_ Teq is eléctron-ioﬁ Vthermal

e ualization time;‘g is 1nverse bremsstrahlun ower 1nDut,
L S

o
.

ﬂandAtt is electron CO11151on tlme,

 Sucess1ve terms on the rlght hand 51ie denofe.ﬁbrk [ibﬁevfby
vexpanelon, thermal condqctlon 1osses,‘]ouleeheeting,'eﬁergy
 transfer.to ions, %nverse bremsstrthuﬁg eﬁ@fgy ,inpuf; 'ind
_eeergy‘ :tﬁansfer “from JParelle1_~e1ec£ron enepqy“.fo“fﬁe
?eréeﬁdicuiar 'efectrdn energy-_ Ty ie tﬁé diFferén&e

between .the, electron parallel tenperature and the electron_“

.perpendicular temperature. (:T“ —T” -T;.) It is° calculated -.
- ) . - a - - ’ . R - - - .
from, 4 o
;‘ Y e Y Va - - - VNL 8 iTI )'. . B - - U S
= 8Ty g b == (3T, ) == e R (3-30)°
st sr | ‘nO - te . ] o ) R <
° o -

where %m,is the‘powet input due to . the noq;;near heating

process.”

Ererdy Conseérvation Tor The'ProtonvGan

. - ) . e
] 3T . : 5
b V T 2 . Q ] 2 i / - IR
L s = 2 + ) e R —
Ty FT o) v v gy
’ Y 0
- (3. 4)
. ) - 1 .
T T - ‘ )
s CTag
. =8 . Ay

The’ va;ibus.<termé[ ine'eQuation (3-&).-dehote-lquant1t1ee
analogous : to 'those deFlned 1n equatlon {3. 3a)-- The Flrsf-~

term has been modlfled by the shock heatlnq- Thepparameter,'

/
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;
. constantl ©

. Magnetic Fiéld\Trahquft And Diffusjion

3B 3B - —B"a_. Y- rc o 3By ' . (3.5)
'atl+ S—"_ Y 3 1(rv)“+ rar (4n - ar)v, S o
JEAY
3.2 7 . NUMERICAL INTEGRATiON-'

-" . ”h The HHD -equatlons fare .numerlcally 1ntegrated hy a"

C&gsaggg an scbeme.; The solen01d is: lelded 1nto 50 to 100 o

the shells" move wlth the fluid veloc1ty and must be adjusted p

g\5 w1th each tlme 1ncrement ‘ The dlfference ‘equatlons fare-,m

j;wrltten in. such a wa7 that all quantltles except v are taken

at balf 1ntegra1 space steps and 1ntegral tﬂme steps. .The;

vshell velbcity,~v} 1s computed at half- 1n+eqral 'tlme steps. E

'and 1ntegra1 space steps. _The hydrodynamlc equatlons 43;1)

7

‘.ﬁhd (3 2) are treated e1p11c1tly a;é\she dlfqulonfeguatiohs‘
RNESETOE [ER and (325) are_tpeated iapliciiiv;]_The 'metkoa

; of‘f.solutlon - of,‘theb implicit dlfference equatlons is

dlSCUSSQd by Rlchmeyer aﬂd "orton11" :S;nce',the jproperlj-'

centered rdlfference« equations requ1re knowledge - of . the

’»transport: coeff1c1ents‘v at " half—xntegral “time steps%.
vequatiohs» (3.3) to (3 5) pafe 'solved _with van.ite:ative-"

'ptocedure{:‘mhe tlme and space 9031t10ns,_inpwhich different;7

Lo

K., is the ion thermal conductivity diVided; by eBclpzmann's‘-

“///jgﬁ/entrlc shells. In a Lagranglan scheme the boundarles of‘



quantities are known, is shown in Fig. 8.

The bounaaty conditions applied are:

T =T - at r=R

e o 0
‘aB(a:=bv77 at’ =g " | |
w0 at op=m 0 ey
9T/ 3r=0 _-,nat’lr=0‘ |
: _';oa/ w=0 - at r=0

'These boundary condltlens cofrespondp to what wduld. be
>'experlenced 1f the' solen01d was Surrounded 'by'va copper
shell . The plasma temperature at the shell would go- to- the
‘shell temperature.,l The second boundary gonditionp Wwould
;eoccur due to‘the hlgh conduct1v1ty of copper aqd'cosrespOnds
> ’to couservatlon of magnetlc flux-g These bdundafy cohd;fioﬁS'
also apply to the case of a largef solenpid,’wuece the laser

. heated,reglon is much smaller than R

L *—] o | _ . N T |
) ' ' 1+ .
—————— v——ak—T————-v-——-—T-———~v~---———-\ tn]/z
l * l =% —I t
ey T = Ve e T ey e n1/2
[ e - — . | ‘ tn-?
: O C . 3 AR .
Fig. 8 Time and. space p051t10ns whére dlfferent
guantities are known. t denqtes p051tlons and
times  where ‘'shell radii are known. ?x! denotes
p051t19ns and ‘times where the parameters, T”, Ty ¢
T:, n_, and B are Kkhown. tyt denotes p051t10ns
and times where shell velocities are known. T
denotes . po#ltions and times. where transport

'coef1c1ents are known.



3.3 " ALTERATIONS TO ROUTINE - .
A number of changes have been made to the routine as

|

L

deﬁcribed'» by Eurnett Iand offenberger!o. “The program
- efficiency ' has begn' inéfgased,‘.and' other Changes were
ngéessary; té' aqc@ﬁmoda£¢ tbé nonlinear heating process. 'A'
 small érror wa§ _ﬁound in thé éalculétion of the joulé
lhoating terﬁ 'éf. fhe‘ original routihé, buﬁ‘its correction:
madé aﬁj ihsignificaﬁtb_difference “to ‘the"resul§s. ‘"Alsé.
changés,“lmadé -_in the ':E§lcuiafibﬁ~ ‘of fhe‘ trénsFQrt
coeffié;eh{s nade little difference to the final ‘results.
The .ébntributibn»to heating frém inverse btémsétrahlhﬁg vas:

changed’to_thaﬁ'giveﬁ-ﬁy Johnston and Dahsoﬁa.

One major change already discussed was ti ion of
'.(GT”) sepérate from'the~éléctron temberature, 1 rde
necessary by the nonlinear heating -process. o
. which is the electron collision»tiﬁe is calc:. COm

S _ E

R T & M )

¢ el ‘ee - Lo : ’ :
" where Tei is the electron-ion collision-timé-and reéis the

“electron—eleCtron coiligiqn‘time; ;eéis given ih'(5.26) of "
Spitzérl?, and ’réican be calculated .from (5.22). of Spitzer.

(-4

- Another majofk'change,v which greatiy« iﬁCreased._fhe
efficiency éf thé roufineﬁiwas:€he incidsion oﬁ'a'Shbtoutine
which 'madé 'ige"program_radjust ‘ité‘time stéé size tocthe
‘maximum éize‘ailowedvb? the plasha!cqndifioﬁs aﬁ vthaf time

\



_ £
" . step. o

.’Thisz was. accomplisped by_choesing the.time step,.it,.
such that'fhe fellowing conditions are satisfied:

1. At-must be iess than a:specified fraction‘ A of
the maximum tipe step éllbved by the stepility
'eenditionﬂ‘ (The stébility condition is discussed
i-peioue) o "- o ) . ’ v .

2. The radius of any‘sheilsboundafy‘cannoppehangefbx
more than ten perceni in a single time step.

3.; The shell thickness of an§ shell canpot4change by
mqre‘than'ten percent in a single.time step-='-

ﬁ. fhe ;electron or ien temperatufe“cannefichange by\
mererthan ten perceﬁt in a single- time Step.

: 5. lThe size of a tlme step cannot 1ncrease by. more”

-

'than flfty percent in .a 51ngle time step.

The- size of the time ste@ used is usuallv 11m1ted by

the - flrst condltlon above. The stablllty condltlon used was

- /

one derlved by Rlchmeyer and Hortonll and can be‘wgltten ass:

]
N}

st o< Ay Mintery (e ¢ )7 I S Bl

jwher_e C . is . fhe adiaﬁsfic}seund_speed_and'CA is ﬁhe Alfven
peloéity:' Essentially all this co;dition-saysAis - that ' the
'fihe siep musft.be _smaller' than the tipennecessarypfof i
pressure vave to travel a dlstance equal to"thef smsllestf

‘". space step.‘b 4



The stability condition Vaslderived.for a case in.uhich

‘no . input pover was given up'to the,plesma-"Equation Ké.Sj
is‘feund te be guite adequate. when the laser power input is.
low if A is. set to 0.8. When the laser  power input is
large (i.e;'an input laser,pover density of 101; _watts/cm?2)
or when there is gooéynonlinear energy coupliuQ‘betweeu the
‘lPsef and thé plasma, it is found that A nust be: reduced to
0.5. " For a largervAo the routine wlll generate o<c1llat10ne'
'near the center of‘the solenoxd, wlth a time perlod equal to
l-;tbe tlme step size and a space perlod fequal to tbe specev
'step  s;ze-e For economy it 1s de51rab1e to make A as 1atge
'.asepossiblei— It 1s.fouud,exper1menpally~ that ‘the feéul;s
,areu,unafﬁeeteu 'by .the';hoice'of'Ad as long as.it is small

- enough to prevent’ the oscillations previously mentioneda

Finally the  boundary condition for B at ‘T=R_ was

changed frof B=0 at‘raRélas in the original version of the
R . ' ©

routlne to aB/ar —O at r=B - This is easilv. derived as

belng the boundary condltlon for a cyllnder surrounded by a-

5copper sheet with the use of Ampere's Law. o o

. This last ehauge'implie§ couSerVetiou of-uagnetic flux
in'the routine. It’allous tﬁe use df conservatiou of enefgi
and conée:vation of magnetie flux as two cuecke on thé
*nuueficaleprocedute. It is found that in a 40 ns run “both

‘ef’eéhese equantities.are,conserved to S significant-digits.e

'.For longer runs the temperature starts to rise at the

>bouudaries and energy can te 1ost from the plasma-

So .



CHAPTER &

RESTRICTIONS AND ASSUMPTIONS

u,1 , ' SOLENOID LENGTH

4

For . the one-dimensional M.H.D. routine to give a
reasonable approximation to reality, .it must be assumed that
. tke solenoid's length is much greater than its .—radius, and

that the heating, is reasonably constant over its lehgth. In

» KN

the  M.H.D;‘§imuiatioﬁs made for ‘this thesis>the$radius 6f
thé SQienoid.was assumed to be 0.5 cm, so if its length is
about 5 cm or greater the first of°the abov conditions will
be satisfied. The model maj'be valid for a shorter solenoid
if_:caicdlations'are madé fo;‘a shqrt‘enoﬁgh time to preQent
significant disturbanﬁgs'to féaéh the outer bradius of 0.5

o

Cha

The hiating in the solenoid is. greatest close to where
theohigh.ffequené§ laéer‘ enters the plasma; ﬁeré .bothi.
lasérs‘ woulﬁv have maximum inténsity; the‘fifstioﬁé ﬁeCauSe
it'hasn't had tiﬁe to ‘damp, and the second because its perr
.qrbus as it_pioéégqtes‘through,the'piasma;' 5he 'pgwer‘ lost

" by the first bean is.apprcximately ten times as great as the

power -absorbed by. fhé piasma, and the powér g indd by\t he
second beam ié‘apprOXimately nine times as great as
power vabsorbed by the'plasma. Usipg this information thés

<

length.over which the product PyP, 1is reasonably ‘ constant

can 'be csalculated with the use of Table 1 of chapter two,
, ﬂ A ‘ , )



1y 1

tor specitfic values of PP ,Ty, and n oo The powe T

intensity of the first laser P, must satisty the equation

T PL(x) Po(x) o BCERY

Uheré U=JO‘6(%nJ- The éonstanf r 15 equal to ten times  the
poyer absorbed by ‘the‘ plaSma in watts/cm3 d}vidod by the

product of thé laser intensities in watts/cm2. Assuming the .
laser beams are insignificanﬁly' dampéd by inverse°

bremsstrahlung_ absorption, P, (x) .can be written in terms of

¢
¢

Pl(x) as
‘Pz(x)‘= PL(X) + Py(=). - P, () ‘.“ . ‘ : (4.2)

where P ,(«x) is the power of the second laser beam before it
enters’'the plasma and P, (=) is the power of the first 1laser
beam after 1t has . passed through 'the plasma. - Using

equation (4.2) the solution to equation (4.1) 'is

b P, {0)f exp[-bx]
= exp[-bx

(4.3

WheTe b=u (P (=) =P | (=)) and P, (9) is the power of the first
laser before it enters the plasma. 'Fith this. solution for>
Pl(x); Pz(%),“cén5 bé calculated ‘froh ”equaﬁibﬁ .(6;2)-
Approiimate'Qalues of o .for, diffépenf temperatures and
}densities <an be foﬁnd wiph'TabIe 1 or witfbfiqs,; 1 and 2.
'EqudtiOns (d.2) and ju‘3) are,used Ln.chapteri5’to find éhe
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dirscanee over  which  poLp 15 reasnonibly constant tor the

conditions experienced in the MHD simalation.

.2 STIMULATED SCATTERING

Fhen an intense electromagnetic wave is  presont in o a
plasma, two new waves can be parametrically excited by the
’iatideny or bump vave. © If one of the excited modes is
electromagnetic it can escape from the plasma ana appear as

stimulated scattering of the incident wave. The process of
. A '

it

stimulated scattering 1is very closely related to the

nonlinear heating process studied in chapter two. In the
process . .of 'stimulated’ scattering, the incident . wave of

freguency . and wavenumber k interacts with a propagating

density -perturbation (._,k) associated with an electrostatic

wave. This results in an electromagnetic wave of frequency

. - . and wave vector k -k being scattered. This scattered

wave can tlen interact with the incident wave; in much thé
same way . as thé' vaves from éhé two . lasers described in
chaptér two. This interacfion then amplifigs thé originai
d2nsity pertutbatio#._ - An unstable situation éan‘result 1if
tge 2nerqgy trénsfeg to the Scattéred .electfémagnetic 'wéve
and the eiegtrostaiic wave excéeds their natural démping

€

'rate, Some energy 1is derposited in the plasﬁa via :the

electrostatic_ wave, —but —the——awount 1is 1limited by the

Manley - Rowe relations.

Theoretical studies of this process, assuming all waves

N

>

e

N——



. transferzed-to the plaSmabihrough,tﬂis\?rocess. e

d

are coherent have beon made by Drake et al.v30 O A Similaa
study, but  assuning incoherent vaves  Thas beon  made by

Tsytovichta.

i
il
[ o

i)

Theory shows that the 'indident wave intensity  has  to
. [

© ' "
exceed a threshold value before signif,icant scattering will
44 .

aCcur. Atter the threshold. intensity has been exceeded, the
scattered wave amplitude grows exponentiadly according to

e”t, vhere | is known as®the growth rate and t is the time
y _ g

cver which tt ane can grow. The time t  is :1imitnd to
t- . /c, where : is the interaction-fength and ¢ is the speed
of light. ; | ”
Stihhlé£ed Briliduin scattering ' (the 'séatterinq of
lig%t from ion-acoustic yave?iy cauld possibly presenf a
ﬁréblem in 2. solenoid Sgc; &as the one deécribed; in' this
thesis. _ Experiments havegbeen made on stimulatednﬁﬁillouih
scattering by Offenberger, Cervenan, Yam, and Pasternak!s.
The Manley = Roy; relagions.tell ug that vegy 1i£tle eﬁerqy
can get 1into the plasma tbroﬁgh stimulated Brillouin

) . - . 9 - - .
scattering - since the Jjon-acoustic wvave frequency -is small

for the values of wave véctor, k, which occur in such a

process. For example, if the electron tempefature is 100 eV’

] a

and the plésma density is U4x1017 cm—3 a maximum of the

. [+ . <
. © : .
fraction 6.4x10-4" of the 1incident beam's . power can be

5

]

©

" The theory - from Drake et al.!3, and the experiment by

nDffenberger et al.fS both ° indicate = .that for . power"

)

J o
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-

& . L - ' sy

intenslties’~of 1011 to 1012 vatts/cmz, and.for temperatures

'andpdensities assumed ,in >£his. thesis; orovthv‘rates, for
: Yo,

stimulated ' Brlllouln scatterrng of abouu 1011 to' 1012 gec—1

'sl

can be expected. Such growth rates ower several'centimeters

would ensure that almost all the llght would be SCattered.

however the 1nteractlon length, 2, -over "which the scattered

_beam can grow Hlll not be larger than the cohprence» length -

an

" of the ‘1on—acoust1c ‘wave from _wthh"lt scatters.b In_ a

%

rapldly heated plasma a certaln amount of turbulence‘ would

o

be - expected- Thls would llmlt the coherence 1ength of the
ion—acoustlc ’wave. ‘ Exper1menta1 _ev1dence‘ glven by
Offenberger t 1.15.1nd1cates that the coherence length of’

0

the 1on4acoust1c wave may be suff1c1ently'-small,' so that

'only a small amount of’ llght w1ll be scattered

.

o,

The’ process- of scatterlng from electron plasma waves,-

-

‘or stlmulated Raman scatterlng,lls also very cfosely related

/

to the heatlng process of chapter two. In thls process the

‘:scattered vave would propagate antlparallel to the 1nc1dent

' wave, and its frequency would match the’ eLectron ‘plasmaf

v”frequency.~ - The',:Manley - Rove ;relations: would”'impdse

approx1mately the same maximum energy .transfer"condltlon

‘o

that vas 1mposed ‘in chapter twd ‘This process would appear

also as a method of enhanc1ng heatlng. The usefulness /of,'

(<3

Iz

4
jthe grovth rate of stlmulated Raman scatterlng ‘is smaller

i - :
[than the grovth rate of stlmulated Brlllouln scatterlng for

'\_,,av‘ Y]

///'the plasma condltlons assumed -in thlS the51s andlfbf short

et K

.

- . Wt

_thls aprocess to emhance heatlng is llmlted by the fact that»A



.natural*coherence lengths

/-

,'/

48

f, plasma waves.

) . . "-:-"’:; B . : } } Vs . - . . . ) . ..
L.3 DISTORTION OF T@é/VELQCITY DISTRIBUTION FUNCTION .

)

The equatlons which descrlbe the nonllnear heatlng were.

'derlved assumlnq a’ Maxwelllan_ veloc1ty dlstrlbutlon'

functionu It mlght ‘be expected however,

AlLandau damplng of the driven Fwave

that t he contlnuall_

would ‘cause’ 'rth'

dlStrlbUtlcn° functlon to flatten near the phase veloc1ty oF

the dlfference frequency wave, inyk}.

=3

~the dlstrlbut;on functLon"vould'-causeg

Landau-damping.

e

e

it'turns out’that th dlstrlbutlon‘
much closer to Haxwelllan than yould

,resulrf_of colllsLons. Th%ory ' showsp

electrostatic 1nteractlons bave an’

colllslons bn the dlstrlbutlon functlon,
. )

'veloc1ty dlstrlbutlon can be ma%ntalned,

o

of c011131ons _oBernsteln and Trehan!6

o

This flattening of“

a decrease in the

'funCtion vremains
be predlcted as a

that ,'collectlvek

'effectijimilar to

'and rhat a ;thermal

»

_even in the" abSenCe-

show how a. llmlt is

placed on the magnltude of plasma osc111at10ns in  a cold

-plaSma. : At 'this” llmlt a process 51mllar”to the breéking’of

vater waves takes place;' ThlS process cauSes ordered motlon'

T to. go over 1nto unordered thermal motlon-

many body computer models (see Bernsteln

One: dlmen51onal

and Trehan‘ﬁ) allowf

1-‘thlS process to be 1nvest1gated 1n warm plasmas-' It is seen

that %in. thls’ case, energy is fed even
+ .

mothn from the organlzed wave energy.

faster 1nto thermal,'5

A dlscu551on of thlS

153
1
S

>



‘process can also be found irf chapter 7 of -Schmidti?z .~
.» . ° “ - N . ’ ° - . ‘.

. o
’ a

P ) .o

Coﬁputer-%odehs pv'DawSOn‘E,.and Dawson '~ and _ Shannyt!9,

N

1n1t1al,.

. a 2 e o ‘o o .
.show , that . -«tHe dlstrrbutlon ffunction'_will “maintain a -
) . o . o . ] . o - . - - o] .
,quwelliaﬂ form¢dn th presence ,of,‘Landag dgﬁpingcjmucﬁ_
; "o - ® ol - ‘ . ' . /’.- © v o o - °
..better ' than..would., "be pmed;cted'en“tﬁe basis°ofécolllsions_
e o, - . s 90 o . S A
alone,. but if, ‘the amplitude of the plasma ~ wave . 1S
o - 0 ) ; T ) o 7 - B s
~sufficidntly  high,  the dampi'ng rate ,»ill’ deviateqfrom"that
. - © -:‘ o AOQ ' . ’ ~0-; o < ‘- i
predicted -by lintar Landaa. theory. = = e T e E
1’ R ) i . Lo Q. R o s -
- o .o ) ' . 8T ° . N
. . 5 “ < . . D6 one : . .
Lot MOst of %he theoretical Jork done in this . JaTrea has heen.

a

" done " as an 1nvest1gat10n of the time. deVe%opment “afo fini%e
. 0

value amplltude electron -waves, rather than the

¢ o By

steady state solutlon of .a drlven“wave as 9is the”.case at

hand.

o L e -
“ o °

-mbreev ap roaches have been used to 1nvest1gate the

. °
2

otlme development of these electron w&ves. ?The resultsalofH

these-'

&

1]

have beén summar;zed ~in =an experlmental paper hy-

o co.

j?r%nklin}'ﬂaﬁberger; and'SmichOW 'Thehlflrst ‘approach. is

'that:: f_ the Gne dlmen51onal coAputer=model ‘and ha5<already't'
been dlscussed. e ‘7, ”?Q1 w
Y o o . L. . ) ° 0 T
' The second method gsed byd?ArmstrQQng; is to solve . .
51multaneously "Vlasov“s_ and Poissons's e@ﬁatiqﬁsf‘usinq

o

[

et >;

?

..numericalﬁteghnlques- ~The results,_SummariZed‘ Hy_ Franklin

‘are'.that the damplng 'rate, ﬁ” , lS correctly.)

predlcted by:llnear Landau'theory 1f the»_amplltude 5pf the

3

plasma 'uaVew is"small." Ihe; condltlon ~can be’expreSSeéi_’
_quantitatively as .~ o ‘



damping’if

o

g ]

N O T

‘¢ is the potential of the electrostatic. wave,fiWhén

increases; violating equation ]U.d), fhe“damping - rate

decreases.‘ Wbenf e@/k qwu1§fﬂ%e' dampingfrate.is no ionqer

oys rate - exceeds jthe value

. . - ; N ;\
exponentlal, and the 1nstantaww

préﬁ@p{ed‘ by llﬂ ¥ s Landau ‘rheory,- ThlS behav1orICan bef.

associated with ‘the "wave  breaking". proceSS'_in a cold
plasma. . X ) " ' '
“Th "third nethod\ separates ‘the electron dlstrlbutlon'"
' ,functlon 1nto -a resonant part and a non resonént:'part- and7

n solves exactly the Vlasbv equatlon 1n the resonant reglon-

S . °

ThlS technlque was used by O'Ne1122 :and later,by Balley‘and°
. ‘ k

:Denav1t23; " Their . results showed a':decrease, in ’Lan&aua;

‘ (u-s)"

where}ﬁ3=k3(e¢/mé) .1s the frequency of osc1llat10n of the

‘trapped ‘electrOns.- ks and'_¢ are' the ~wave. vector-,and'

[
o

ny potentlal respectlvely of the electrostatlc wave.' <Suqinara

and . Kamimura2s ,:computedf. self—con51stent equilibrium .-

solutiqns to~the initial"vaiue problem er a range' of
O<q< o . ﬂ They found the same result as o Neil for q* 0 and

: a
a .

'11near Landau damplng for, q .



" waves

', and a den51ty of about 2x107 cm 3.

" the dlffet@nce frequency wave before the equatlons

.51 -

An experiment to‘teSt the.damping':behavior- of 'plasna

-for ‘various values of e¢/k T”'and év'was done by

-Franklin, Hamberger, and Smith20. They dld fhe'»experiment L

on a sodium c01umn, wlth an electron temperature of 2500 oK

Y

The experlmental results

-flndrcate that 11near Landau damplng could be. expected for

~

Lo o (4.6

2x10.-
kB _Tll R

- It should be noted here that this conditiph vas derived-and
“‘tested only fer'the case where K is of the order of unity,7.
‘that rélatiem

when K’is'of'order unity'ittis 'aSsumed

‘n(uie) is. an approxlmate condltlon whlch must be 1nposed on
qu for_ﬂtn;
nonllnear heatlng are to be accurate. ;er the spec1fic‘case

“‘of dlfference frequency heatlng with lasers of wavelengths \1

(4. 6) becomes

“-uVaiues

" placed

- of. 9 6 and 10 6 mlcrons condltlon

kg Tn

povwers  can
"using this

on

time'the’laservpbwer;

’4.‘ : ..
temperature .

2. 4x10 3/T” < 2xjo;3-f " gai7);
Eév for”.dlfferent éalaés ;of}n*; T”,'and laser‘
be found from Flgs- 1 and 2" of chapter two. .When
condrtlon-‘to 'flnd 'restrlctlons that .mustl pe‘
:thef‘routine; Sit must be remembered that ‘by the
and:thus ‘E3}; re%ch~ ~max1mum,r:the
ofg,thef_electrons;.is>nigh. M?t »

snould alse be'

.
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remembered that thls condltlon was oerlved by neglectlng the“
role of COlllSlOnS in thermallzatlon.. At _lowL temperatures”
‘collrs;onsg‘can play an '1mportant role 15 malntalnlng.thn
.Maxwellian'distrlbutioh. If  the electron temperature is
usufficiently hioh' toi nake K of the order\unlty,yrelatlons.

'ku.é; and (u 7) can be used to check'~theA_va11d1ty ofJ?thep”

-results.'7 For _exam;le, at‘”al;density_ of._n —ux1017 ;‘aﬁ
?electronitﬁempefaturea;of 'QL;%1ObO ev, vaud_ 1pput , laser
intensitles: of eEQSXlO}l, %atts/tﬁ?n it is.found'that‘ﬁ =3q-
statvolts/cm. _vtfbr, this »ftemperature ; and,ﬁ‘ den51t?,l
: K=@A -=O.u6. v Pelatlonpﬁfuﬂ7) then YelldS e¢/k T, =7 2x10*

rr‘hls lmplles that the drlven» wave should ﬂbey experlenc1nq.
damplng as l,predlcted ~by',1;near oLandau theory. 1_If.thes'
>electron teuperature 'i§A 10vered 51gn1f1cant1y from thls»-

value, K_will decreaSe, and relatlon (&-7) cannot be used toy

test the Valldlty of the theory-

o . S v ’ A
The effect.bof_E3 eXCeedlng the restrlctlons placed on

Vit.by relation (h.6)-can be predlcted'.qualltatlvely¢va1th.

"thew-gid'-of Flgures v3'ahd,yeof.chapter‘tVOéf'when-Eé_gets
large~‘the“Landau damplng willi"@ecrease”_aud. the poles-

“asSociated. wlth D(K.o) wlll'move:tOwards'the_real axis. If

w3 1s very close to the' frequency of the Lahquuir _mode, a~"'

stronger 'fleld resonance could? bep expected leadlnq to a
greater heatlnq rate than that predicted~,io chapter' tuo;
lf, pon 3the other hand w3’ 1s not close .to the frequepcy of'l'
tue ganguulr moae; the motlon of the poles towards the_'reals
axis-_would-.haée _llttle‘effect on the value of Ej3, but:the

v
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e
.decreased -damping would lead to a Eedhctionv‘in_ poﬁer'

_ abSQrptiaﬁ.

. .
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' CHAPTER 5

. RESULTS

-“fﬁe M.H.D. éo@e discugsed iﬁﬂghaptérvé_has ﬁeén used;td
,compafe thé_ heétinq' of a‘plasﬁa when two lasersﬁa:e mixed
with'a,diffefénée ffequéncy.near.fhét»of,thé'Langmuir  mode,5
with ;the7" heatiﬁg. ﬁhat .iéA oﬁfaihéd ' wheﬁ"‘iﬁvérse'

.bremsstrahlung is‘tﬁé only energy absotption'mechanism,.

The lasen‘ene:gy-pulseiassuﬁed:in~-tﬁe  fQu£ine_ ié -464
nsec. long . and - of triéngglar ;hape, 'Tﬁé~pulse'§tar£é with
zefo powér,vregchesApéaK pbwgr’athO nsec; énd ﬁailé off to
nzefd again atiuofnée¢. The radiél\iﬁtehsiﬁfidistribution_of
. the ’focQSéd. laSef”'buisé 'is‘ as§ﬁ§ed £o'beaGéu§sian;: The

intensity as a function of radius, L, can be expressed as,

RECIRINE

: S 2 S

I (r) =P /(2r0" Yexp [-r2/20%]
where P is ~the laser 'power, and ¢ isrtﬁe radius of the
‘beam. o has been set of 0-0HS':cm, . Fbr .all " the runs

reported in this thesis both lasers were assumed to(%i/of

-

The. spatial mesh in each case corsisted of S0 shells.

_equai-pdwer.“v

L
4

Initiaily t he inner' shei1 had a radiué'df73x10—3 cm. :Thé‘

, o e S ) | o ] e
thickness of the n'th shell_iS-givén‘bjv3x10—3xﬁ1’where A is
choséﬁrin such a way as to make the 'radius @ of- the outer

shell 0.5 cm.



55

Initially, a  fully ionized hydrogen plasma. with
eleétroh and ion temperatugesA bf'_1  eV‘ is assumed. .The
 pl§sma Has‘la'unifqrm elecEFon>and proton density of Tx1917
con—3. The hagpetica.field is 'longitudiﬂal _and'~unifo;m1y
distribufed thfqughéﬁtJthe solenoid.. Severa1 ruhs wére‘madé
yith. diffe{ent .initial magnetic fields_énd aifferenﬁ laser-
‘powers, o - ‘ | |

.Ei,guf‘;és 9 to 12 a.r:‘e' plots ofv‘ '.‘T,,',TVL,., _f;i'.,i‘, B, .an(‘i. N
.ver;us"radiusf.at'a tiﬁé of 40 nséé:- in~Ei§$; 9(af} 10(a), -
11(5{).éhdﬂ12(af eﬁefgy.i% aésumed fo bé ébsdrbed byVinvérse
b%emssﬁrahiﬁhg‘oﬁly,iﬁﬁiie‘ié Piés;,Q(b), 10(5{f'11f5),.-and
;12(bf"it is asSumédrtﬁét eneré? is absérbed by'bbﬁh inverse,
brégéétraﬁidng a@d thé’nbnlinear.pfpcess. .In"alif figures
ﬁhé (plétiéd vaiue >Qf_ magnétic'field‘isfnormaliied to';h@

initial pIasmq.densityf ;The plotted' value is given by

B/Bb X “initialjplasma density. .
)
. o
: . o I,
& o
.
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In Figs. 9 (ay  and 9(b) the following parameters weroe

usedg¢ 1nitial magnetic field, B =60 kG.; initial plasma

5

density, K ‘7x1Ol7LJEm—3: peak laser power, PI:I.QG CH.

‘Total las+«: - energy is 25 joulews. - comparing these two
tlgureS,_L*f%@vseen that “Yhe temperature of the electrons in
the center of the solenoid 1is "akout 330 oV after the
™y . ' ’ . :

>

nonlinear heating mechanism is used, and about 200 eV after
[ .
) .

' e 9 o) . . : -
only inverse bremsstrahluhg absorption is uged. . ‘For this

»

run the parailel ‘and perpendicular electcon temperatures
remained withih ten. eV of each other throughout the
.Ssimulation, and vere essentially equal at 40 ns. It was

found that in the center shell the ratio, Wi/W e varied
from 5 to 8 during the time period of 18 ns to 35 ns, where
W3 1is the heating rate due to the nonlinear process and W

Ie
is ‘the heating Lrate sdue - to ° inverse bremsstrahlung

)
(=]

absorption.

Figures 10(a) and 10(b) 'come from a simulation where

the parameters are all the same as t hose in Fig. .9 except

for the nmagnetic field which has been increaSed:to_100'kG

» R

for this run. Increasing the magnetic‘field makes ‘it more

,dffficult for . the plasma ~to expand outwards during the
simulatiop.: This reSults—iﬁ the dénsity staying - hiqher “in
N o ) ST , _ :
the center of the solenoid, which increases the coupling of

laser energy ‘o the plasma throuah -~ both inverse

bremsstrahlung " and the nonlinear processes. This is shown

in Fiq-,dO_ where ‘the electron temperatures and plasma

©

densities are higher than those shown in Fig. 7. Again, t he

©

.
a-



//electrOn‘vtempetature»,in the center

.'peak power of 12 5 GV and a total energy of 250 joules-j

‘ . o : 1
AR i -

"/ . . ) A . i

el

the .solencid i's

€

significantly higher for the case whersz noniinear heating is

0.
assumed. . o

Bethe and Vlasesés have 'SUqgested that one Of the
fequirementS‘ to heat a plasma to thermonuclear temperatures

1n a lonq solen01d ‘is a magnetic fleld of 300 .tof 500 kG.

Lo~
©

heated solen01d with flel”S of thlS strength-’ .Flgs. 11 (a)

s

and 1l(by show Eheiresults of such a 51mu1atlon, at a - time

cof 40 ns. Agaln, the laser power 1s the same as in preV1ous‘

- .runs; total lasef energy is 25 joules, peak laser- bower is
: ' . . o '

1.25 GHW. These- plots show that the denSLty stays’ almost

o

.about 1.75 tlmes as; hlgh °.a temperature asﬁllnverse

bremsétrahlung absorptlon alone. S S ///<

7

. . ; SRL L N
As explalned in cnapter two,ythe power‘ ahsorption due:

- Thas, it is of' 1nterost -to make a 51mulatlon of a laser

'tO’tthe nonllnear process lS proportlonal to the product OF

B

:constant throughout the 51mulat10n. The nonllnear processv”““
o ’ : B &
1s able to. heat the electrons in the center d§ the column to

the'powers of the two lasers,vwhlle the power absorptlon due'}.”'

~to 1nverse bremsstrahlung abso:ptlon i's proport10na1 to 'the

.

‘sum' of" fthe powers-' Thus wg/w 5 1ncreases ‘as laser pOWPrS'A

W

Vlnvestlgated -hy 3mak1ng a 51mulatlon where the lasers had -a

s

=
e
D

lnltlal magnetlc fleld was ‘set to 100 kG- : The~ Tesults of

Q

th;s:;51mulat;on- are shown Vln,Figs. da(a) and 12(b);‘ The

'“incréase. The effect of 1ncrea51ng' the - 1aser »power was
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_ . o ‘ 4 . : - “) ’
final electron temperature for the case'of nohlinear heating

..

is more than three times the electron temperature ulth only

inverse bremsstrahlunq absorptlon;L Flg. 12(b) shows that‘

<the parallel and perpendlcular *electron temperatures have

not ‘Yet.>equallzed at 4o ns.‘iIt is interesting to note the

sharp -density minimum in the center of . the solenoid .

»(Fig. T2(b))' caused by the rapla nonllnear heatlnq.‘ In the
cZenter shell the ratlo, -3/WIB;'was between 8 and uQ'for the

period of 5ns to 35 ns.

- So far no mention has been made of the resulting ion

/

/ .
Jast : /

r

tthe ‘ion temperatures for al/Athe..51mulations Fmade; -These

}.

/

'decoupllng between electrons and 1ons is greater than 1n ‘the -

-plasmas that are heated more slowly-.‘These plots also show

I

an advantage vin hav1ng a 1arge magnetlc fleld. Thellargevff'

maqnetlc flelds malntaln a hlgher _plasma den51ty-iin the

/

/

: center :of Jthe. solen01g, and thlS m es the elept on 1on

’equ1part1t10n %%ime sma ! ler.-r Splt'zer12 ) shob{ 'that» the

s :
vequ1part1tlon tlme is agprox1mately proportlonaﬁ to T:yz/no.

. The: »very rapld' heatlng experlenced in the 51mu1atlon wlth

the 250 joule 1aser and the nonllnear :heatlng resulted cin

‘@almost complete decoupllng between electrons and ions ‘in’ the

center” of the solenOLd. ThlS 1s seen as. a steep mlnlmum in.-

o ' ,w
1on temperature in the center of the solen01d-

D
o “

“ﬁ%mperatures " in these 51mu;fthns._~Fig. 13 shows a plot of .

plots'; shou that in the/ more' rapidlm"heated . plasmas,
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The ‘value of e¢/ kg Ty has been calculated at several

© times in the eimulations? oIn general,' the value of e¢/kBTH
is so close to the critical value defined in relation (4.7)

that it is impossible to predict the accuracy of the‘dampinq

rate of the beat frequency wave, as given by llnaa Landau -
. - . %‘)}* P )

i theory, under these conditions.

For. example,‘.in’the-simulation whére the laser energy

is 25 goules and the initial’ magnetic field is 100 k&,

K= 0.¢7\l\ © e9/kyT,=4.3x10~3 . at 15 ns; at 35 ms, K=0.3 and

ed/k T, =5.8%x10-4. » Similarly for the simulation with the |
B : 1

higher powered lase;s' (laéer enerqgy of 250 jdhles; and
initial ~“magnetic = field of 100 kG) K=0.68 and
e9/kgTy =3.04x10-3 at‘15ns?uand K=1.3, and es /Ky T, =5.5x10-%

"at 30 ns. For both of these simﬂlations,‘ the values of
. ‘ . \ )

‘e@/kBT”ab found at 15 ns is 1arger than the crltlcal valuef

~defined in relation (u,7). _However,.51nce‘relatlon (4. 7)vis

“only an‘approxima{e conditibn it is difficult to. estimate
thé'.accuraCy' of the ,nonllnear heatlng equatlons q1ven “in

chapter - two uhder - {hese- condltlons.. "Relatlon (u 7),

k3

‘hoﬁever;f ‘does predlct that the calculated nonllnear heating

‘rate Should be accurate under the conditions. experlenced at

- 35 ps. : R e : R

The - tétal”'energy ‘absorbed by - the ‘plasma can be

: calculated by addlng up lthe, total thermal,  kinetic, and

o

vmagnetlc 'energy in the‘plasma initially, ‘and after 40 ‘ns-..

The absorbed ‘energy is exptessed in . erqs/cm, length of
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lsolenoid . %he 1ﬂcrease in total ahsorbed energy due to the
nonllnear pfocess is surprLSJngly small. ‘For the simulation
with 25 joJle lasers and 60 kG magnetic: fielde ‘the total
power'.‘ absorbed owas 1.29x10? 'ergs/cm .for inveree
bremsstrahlung absorption alone, and 1.34x107 ergs/cm ‘Qhen
-the‘ nonlinear\nprocess> was:lused. Thls is an 1ncrease in
‘total enurgy by a factor of only 1.04. This/‘is partially
<aused by “the " fact that power' absorption” from bethb
mechanlsms decreases as the temperature ’riseehrand-‘density
fatls. Another factor to be considered is that, becauee-the
ﬁndnlinear'nower_aﬁsorntion is proportional to the.product ef
the 1laser poners, the heatlng takes place over a ‘smaller
| cross eectional.area bf” the solen01d than dces ’lnyerse
bremsstrahlpngjheating- 'It ‘must alsd‘he rememhered that the
thermal 4energy ‘is proportlonal toeathe productvof‘plasna
den51ty and temperature- Thus, even though the temperature_
is much qreater in the center of the‘solen01d for the case
in whlch nonllnear heatlng is useyc the total “thermal’ energye'

in the center of the solen01d gis not that-'much ’greater,

clnce_the plasma‘den51ty is lowver.

* in “the 51mu1at10ns vwhere the 1n1t1ai nagnetac fleldblS
100 kG and laser energles are 25 joules, ~1 59x107 _ergs/cm'
are absorbed when only inverse bremsstrahlung absorhtlon is
qsed and 1.69x107 vergs/cm are absorbed .when vnonllnear
heating | is used. d Forv‘thiélbcase the nonllnear heatlngh
results in. a total energy absorptlon enhancement of a factor'

of only 1. 06 For the simulations with a 300 kG fField,
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1,89x107> .ergs/cm _‘are ”absorbed .for the case of \only
acoounting fori inverse bremsstrahlunq ‘absorption and
‘2;06xT07> ergs /om for the case 1nclud1ng nonllnear heatlng.
This represents a total energy absorptlon enhancement of a

'

factor of 1.09.

~ The sinulationa with 250 joule 1asers and-an‘initial
fi=ld 0f1100 kG shows ‘that nonlinear'heating results in 1.5
times;>as_ much‘ energyb being absorbed by the plasma-3_With
fonly 1nverse bremsstrahiung absorptlon, 7,28x107 erqs/Cm are
absorbed, whlle 4.89%x107 ergs/cm are absorbed »wnen 7th§

nonllnear. process is used. Thus, if the laser powers are
sufficiently high«s{he nonllnear process ‘can produce a
" slgnlflcant enhancement ‘in total energy absorptlon.

o

These’ simulations are mosfiadqurate_for a solenoid of
about.3bcm in lengfh;e'lfbir is'ngch;shorter than this, ‘the
one;dinensional‘ approximafron is no'longer.Valid-p“Ifnit;is_
#muth 1onger than :this,’zthere‘ ;ould ne times in _rhe.
-Simdlations .when_ the‘ hign: frequency. Iaser‘beam would bé
odepleted at one. end of the solen01d.'\Pven for the case of a
.3 Ccm solenold there are times that thei”nonl;near process
dep051ts much - more,”energy.at one'end of the solenoid tban[
dfhe other; For example; 1n the run w1th the 25 ]oule 1asers
dnd a magnetlc fleld of 100 kG, the hlgh frequency laser is

' ™~

depleted to ,about IHQ%"‘of its.initial value in 3 cm, at a.
.time of 16-ns. The low frequency beam grows to about _150%'

~of its 1n1t1a1 . value. .‘Consequently,l‘aﬁ' one end of ‘the
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solenoid. the actual heatlng rate is 150% of the rate used in .
the simulation, while at the other end it is’ only 40% of the
rate used in the 51mulatlon. At this tlme_ in the
SLmulatlon, the electron temperature in the central shell of
the. niolenold is about \200-'eV.~ The parallel nthernal
conductivity (calculated trom eguatione (5.47) anu'(S;nﬁ) of
‘Spltrerl?) is U;?xlO?‘watts/cm eV. The calculated‘value“of
power being‘ deposited .in ‘the -plasma is | about 2.3xfb9
vatts/cm3. Thus, it may be expected that ,one'-end‘ of.‘the
éolenoid will start to heat faster than the rate'calculated
in  the. simulation.. But, \ifp'the temperaturef increases
. N . ~ : . T -
Significantly, the nonllnear coupllng between the laser ‘and-

bplasma decreaSes, allow1ng the laser rto 'penetrate further
into. lthe plasma. The thermal ’conduct1v1ty is 'then
sufficiently large to keeP the temperature of the“solenoid :
reasonably ~unifo: ‘ng its 1ength‘ At 1ater.times in the
.elmulatlon there is probhlem in ‘maintaininq Aa' constant
htemperature -along the- length' ofb the solcn01d‘51nce the -
thermal conduct1v1ty rlées according to T &@ _andy:the Ahighj

frecuency laser penetrates . the -plasma more easily as the

'temperature rises. -
: @ _

For the%sinulation with -higher powered lasers, ‘t he
parallel. thermal conductivity iS much higher due to- the

higher electron temperaturé- AS a result a- fair J_‘ unlform

v

. LT

temperature ' distribution ‘is malntalned along the length of
. . . i ~ .

. the solenoid even when the first. laser beam' iS'-depleted

51gn1f1cant1y as it propagates through the plasma.

v



CHAPTER 6

CONCLUSION

The analysis in this the51s 1nd1cates that the m1x1nq-

of two laser beams to generate ‘a beat_ frequency harmon;c

near the electron pPlasma frequency can provide a useful

technique of heating the electrons in a plasma. It hag been

skown thet this process is insensitive to changes in dénsity

and temperature.

’
»

At low temperatures a serious llmltatlon in the theory
arises due to the dlfflculty in estlmatlng the accuracy of

the damplng rate of the beat frequency wave as predlcted by

linear Landau theory. However, at electron temperature55of

300 ev and higher, theory predicts that'vthe " damping rate

will be very ‘cldse to that predicted by linear Landau

'theory;
. ° v » ;' \ L . , .
) - . '- L. N R . ) ‘..

The results of - the M.H. D.Tsimulatlons.'show Vthat_'thls

'nonllnear' ' process can greatly: enhance the heating . of

(eieotrons in alshort eXperimental solenoid. In particular,
'if. the ‘laser beam intensity _reaches values of 1012
-~ watts/cm2, a 51gn1f1cant fractlcn of the laser enerqgy can be

'd 051ted in a short solen01d-’ This is. demonstrated in the

31mulatlon where two  250 joule laser .pulses raise the

'electron temperature 1n the center of the solen01d to over
'?OOO ;eV. When one considers that the aosorptlon lenath o‘

inverse bremsstrahlung absorptlon has a T3/2/n dependence,

it is seen that 1t would-take a much hlgher powered beam to

/ ‘ 68
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achieve this temperature if inverse bremsstrahlung were the

only enérqy absorption mechanism.

The results of ﬁhis thesis Sugqest furfher work should,
be done in‘thé'invéstigatiowsof the use of beat frequency
heating of a plasmé in a 1oﬁg solenoid. An example of hoﬁ
beat frequency:heating'may lead to»enhancéd.absorptionlin d
lcng solenoid ié.givep below. A iaser fires a high poﬁered
beam of radiatioh with a ﬁévelength of 9.6 microns down the
éenter of a plasma filled sblen;id. Just péfore this beam
reaches the faf end of the solenoid, another 1ésé£ fires 'a
short, Dbut. high »intensity puisé_bf 10.6 micfon~radiation‘
down tﬂe.solenoid‘ahtiédrallel to the\first beah ¥hen thisj
pulse meets the . bean of 'Q.év micr$n radiation it will
iﬂtepact with it.‘ The 9.6 mibféﬁ'bedm;wiilfbe depleted, and
the -10.6° micron pulse will gfdv'in amﬁlitﬁde. v Thus, aboﬁt
30% of the energy of tﬁe 9.6 mic:Sn beam<is_convérted into ‘a
pﬁlser§‘10;6'mic;on radiation travelling @ in  th¢ 'opposité/.
'difectioﬁ ;tob {heqforigin51._beém ‘ghd 10% of the énénqy.is
.depésited in'the thermal,energy:’of' the Lplasma\ elect:ons.
Turning thé(béam aroundwlike.fhis makes the laser radiation
‘tfavél through’é'greater  leﬁgth_'bf- plasma ‘so that more
energy  will »lbe absbrbed‘ by “inverse bremsstrahlung
:ﬁbsorption. Howevep,biffall theAeneréy of the 9;6’.micron
.beaml~bec0me$ réoﬁpresSed in- the vfirst:éeg-cm of the'1d.é
miciéh éuiééias;this~;hébry'would suggest, the intensity of
<k£his ;pulsé would growito.éuch a Size'tﬁat;other noniinear

processes. may become dominant.
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APPENDILX 1

CONPUTEN ROUTLNES

This routine and associated subrou vonstitute
the main M.H.D. coda.

INTEGER P,PRTFR
CCMMON PO ,BZ,R,P,T,TF . Y.
FOR -ITAPE=1 OUT2UT IS5 ON TAPE., SPECIFY FILE NAME L CONcLOL CARDS.

o
c NPRT IS THE RATIO OF (TAPE OUTPUT)/ (PRINT OUTPUT).
C NTEST (=0 FOk ORIGINAL S'TAKT AT TINE ) (=1 FOR RESTART WITUHOUT
Cc CHANGING SHELL SPACING) (=2 PO RESTART REORGANIZING DATA)
C NREC IS THE RECORD NUMLEK TO BE READ IN FOR RESTART OFF UNIT u.
C NCYCH 1S ZERD FOR INVERSE BREHSTHAULUNG OKLY., IS 1 FOR
C NON-LINEAR HEATING,

8=0.5

W=3,0E~-03 _ “

IT=3 .

p=50 : . )

vVI=0.,9 . L .

BZ=3,0E+05

£0=10.0

DT=0.25E-10
TF=4C.,0E-09

PRTFR=T

ITAPE=1

NPRT=20

NTEST=1

NREC=1. .

HCYCH=1 « R .

CALL . ALAS.’Z (YI,%,DT,IT,PRTFER, ITAPE, NPRT,NTEST, NREC, NCYCH)
- .STOP

ZND

SUBROUTINE XLAS?%VI,V[DT,IT,PRTFRPITAPE,NPRT,NTEST,NHEC,NCYCH)
INTZGER 2,0, Q,PRTFR o o

REAL*8 KC (101) ,UQ (1G1) ,TED (1CC),DTC (100) ,5C (100) ,40 (100).
1,R1(1Q1),U1(101),TE1(100),B1(100),DT1(100),N1(1CO), DN (100),
2 . AA(TOO),BB(1OC),CC(100),DD(TOO),E(1GO},F(100),
3Q0(1€0) , . PA(1?O),DE(}OO),Eh,FF,GG;VLS(100)
4, VAADL (100} ,B83B(103) ,CCB (1CC) ,DDB(100),

:5An1(1cc),sbr(100),cc1(100),001(106),AAE(1:0),553(100),gcs(100),_'
bDuE(1CO),Dh7(103),DR2(TOO),DR3(1CG),RR(1CC),DX1(100),Dx2(100),'
7ox3x100),JXu(100),Dx5(1ool,oxo(100),Dx7(100),99(100),AA(100),
802(*01),HH,11,T10(100),uJUL(100) :

" REAL NZ(TQC),TEZ(1OC),T12(100),DT2(100),52(100),LIN(100),HEAT(1
1 CO),HhAIlQ(1C?)/TOC*C.O/,RC(100),KSZ(100),KIZ(IGO),IS 2(109)
2,KR2(100),ETHQ(100),EKEO(100),EBC(1OG),98(100);PKE(100),9ABS(100)
3,PTH(100),MI,KB ,TPO(100),TPF(100),TP2(1OC),E3ZA(JOO),POHER(J00)
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chocon oo oo aar

9y

NS

S, T (100 P RPAKD (100) , w A (100)

CORBON PO 00 K, P, 0, T E/CONT IO TR, DTO, NO, 1O 0081T101 /001, 011, 01,141

T/comnys /uu,no ZUORIYT/01, 81 /C00THD /T8, N2, (1 JCOSLAL/LIN, HEAT
SACONE N (()‘4 CLTHD S EREC S, ARG PRUILIR e, K L, AL PO A A S A TN l,’l‘,l'l\'l'
S/PARALZTRO, TEF, The, 800, WA, TPALD, W IHN

SUBKROUTINGE ALAS will SOLVE THE TWO FLUILD HAGHETOHY DDy ANLC
FOUATTONS "L CYLINDL JUATL SYHHMETHY ASS UG QUALGT A UM RALIrYY BY
MLANS OF A LAGKANGL AN DILFFERENCE SCHENE

THE LQUAMIONS FOR Pl JAGNETIC FIELD AND ELECTRON AND LON
oML EATORES hith, A HONLINSAR COUPLED S0r AHD AlE HOLV D

BY Al [ UHKATIVE PROCEDUNC Wl THE THANLPORT COn PR L0,
EVALUATED AT TIME Te,%DT COMPUTLD ANLW AT THE START OF. Baci
PPl aAl ION ‘ '

LA DENIDTSS AN EXTERNAL MAGKLETLC FIELD i

CODENCTE, THE YILLLNG CRESGUVE (dYDROGSY MOLSCULES)

VI DENGIES A VOI-NTUOAAN VISCOLITY PARAY D ER A(LHOCK TG KWbGn)
(1) [)l’H)I““ CTHE O ONUMBLER OF CYLINDHRICAL "IiJl.i-JLLfi_ [ VR (R T O B B/ 2R

a HEpln st SOoTHE CUTER L IMIT Or e )['x\[ki\l ﬂ_:’:,fi;_l‘ ¥
WoouPRES i THE THICKNESS O TH (‘NIHAI (7()'1(15 ’

DI wERK THE TIME INCHzALNT (u.uu CONSTANT LN ALAG2 9
SRR P THE TOCAL DUEATION GF TNE INTEGRAT LN e
PUODENQTES THE NUHBER OF ziﬁnArLonf IN’”HL LOUP»koR,
CETEE = PRINTING FREQUENCY. e

Tie FOLLOWING PHRECAUTIONS HUST BE 0BS LHVLD wLLn ALA
(1) IF DT 15 CHOSEN

mlil BISULY DN NEGATIVE DRNSITIES. AND AN ARIlUMrPLL CRKHOK

WLLL TLRMINATE EXoCUTION. IN uuNukAL T, ,Abr T AL RudITH

DT Ui JWE-HALF OF THLE STABLLITY” LIHLL.M 3 e

(<) THzZ CONVERGENCE OF B1,TE1,DIT Iy DIT‘ﬁﬂIV:n BY infquuAnLTfF
*I0'. USUALLY A REASONABLE DEGREE ¢iF ACCURCY 15 QBTAINED BY

SETTING . "IT'=3 ,HOWEVER, 'IT'=1. WILL QAvt TIAYL ibn >diYnY
CALCULATICNS, : . T

(3) IN CASES WHERE IT 15 EXDFCTED aua : i'udLL an k< TE,
CONVERGENCE 15 SOMETIMNES SPEEDED BY i inGAT SCOND TEMPEEATURE

< UATION IN TERMS OF TI(I) KATHER THEN “D 7T (1)7, (L)T (L) = (Te(l=TI(L)))
ITINC=0 R p . : : .

NLC=0 ;
0=p-1 ‘
Q=P+ ;
#C(1)=2.1D0-12 i

RO(2) =W N

AR LA/ W)y ** (1.0/(P-1.0))

LO vy 1=1,10

A= ((R*(A-1. C))*H)/“)**(1 C/P)
CCHTINOUOE

JC (1) =0,0D0
G2y =0,0D0

2901 1=3,¢ -

UL (L) =0.,0D0 o B
2C(I) K2 (I-1) +A* (R0 (I~1-RO (I-2 ‘ : .
CNTINUE : E .
C(Pe2) == (Pf1-nO(P) . -

«u:n.6£~1& ;- h

H=13 R K :

-
-~

LAKGEE THAY. HE ’IAULLIFY cLIM LT AN WLNG TAL'XSLLIY
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[ Toolroni-0n
Cov e 1y

L DI A SR |

ALLONED

InLCLALLY THAT T3

BE (1) i

[ o,k

DLogiy WOl -R0O(1)

VI (1) DR(1) *Vv1

LA 1,000

Tragd) 0.9

TrL(ly 0,0

PLO(E)Y 1000

GOy 00000

1y b

UMY AV PO

DU L) AVRDOR O LR (O (1) we
VL) 00

dOCUNTINUE a2 ey

P S

i O P A U RS S IO
o (L,1e1) Po,u2,T
nalDE (b,100)

Wi llE (6,103)

mille (o, 120y (L,R0(D),
101, 0)

1C1 ¥onMA FLLLING Pt

103 ¥
17
1Cu t

oy,
N

Lt EI0 s, TiNE Lot E
crenaTe Y ThiE O INCTIAL JOkDIT
GANAD 0 LY, 0K, RO (LY,
Ayt ROV, 6K, 0 BTl (),

AAT (La, U“E-d)

=0
-NPRT

r=0

FLUA (R, 5 ,R0)
NUE

PENLO0DY Y

FOH

ELECTPUN

T 1BV, ¢

LD (HD (el

3y

Coum, i, 0N, 00

150 ,E10.3,10%,
Sal e S/
AR /)

a (Iel)r,5x%,"
oX,' BO(I)',)

L5,
IO
Ix,!

n,ee, 0l

AT TeOT/ 0 v

THERMALIZATION

iCN

STy, 0N (L) LD (1), TEC (L) ,DE0 (1), 10 (1),

AKCAL Macuntic

Us (i) *,ox,!

TLaAL 200 Do vaLlils:
.
Ti4L ¢ ZLZCl0RI

ULLL

NO(L) Y,

AT
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e

CONDUCTIVITIES AT T+#DIT/2.. (VALUES AT TIME T USED AS AN APPROX.)
CALL ETCOND(KE2,P) ; o . '
" CALL -ITCOWND (KIZ2,TI2, p) S T,
‘CALL EBITT(TEQ2,P) ‘ : o
CALL ECOND(KR2,P) S o )
“CAHCULATION CF VARIABLES- TE1,TI1) B1,R1 U1,N1 NE1, AT TIME T+OI:
CELCULATION ZF PONDEROMOTIVE PRLbbURE ’
CALL LHEA“(I,RC HRATIO,P,1,C,TI2, NCYLH;J,IT,DT)
DO 4y I=1,p . .
oIy =3. 16F+C9*WO(I)*L1N( )/(L*WLZ)
CONTINUE - -
SSOLTIION FOR THE FLULD VELuLITILJ AT T+,5DT:
SGLYTION FOR THE SHELL BOUNDRIES: AL T+DT s -
u1(1)-c ono h
J1 () =00 (Q)
H1(H) =890 (1) ; . g
21 4w) =RO (Q) : i N : C _
WILL DEFINE 'A'NEW TIMESTEP 'DTN! WHICH IS AN "AVERKAGE OF THE OLD
TIMESTEP USED AND THE NLEW TIMESTEP TO BE USEL. OTN WILL.3E USED
“FOk CALCULATION OF ,U1(I) ONLY. FOR FIEST TLHLbPLP DTv pT -
DTN=(DTN¢DT) /2.0 . S
IF (ITEST.EQ.O0) DTN=DT . :
LIEST=1 S i '
DO S5o0l=2,9P : : ; . )
U1(-)—UO(I-(U ODO*DTN*(gKB*¥O(I)*(TIO(I)*TEO(I))*”I*:f(L)pr(I)) R
1-(KB*NO (I-1) *{TI0 (I-1) +TEQ (I~ 1))+HI*Q“(I‘1)*PP(I-1)))/((RO(I*%—"%' :
&qﬂ(x-1))*(n0(1— JENO (L) ) *HI)) T
3-(DON*2,0«(BC (I- 1)+uP(I))*(1.C/(u 0*91))*(30(1 uD(I 1)y /o
(RS (I+1=RO(I-1)) * (NO (L= 1)+u0(1))*m1))
‘RT(I)“RO(I)+(DT*(U1(I)}) ‘

CONTINUE . S S e

R1(P+2) =2%R1(P+1-RT(P) ) ' B L e
-'30LUTION FOR THE NEW DENbITIEb AT TINE *DT. -

CALCULATION- OF v1;cosxry AT TINE T*, sor-

DG 73 1= 1,p R

31 ) =DN (1)/(((‘71 {I+1y *N (1+1) TR &1 (I) *R1 (I)))*Pl)

L2 (x)=(h1ll)vh‘-L))/2 0"

CONTINUE o ' : .
_‘CALLULATLS DIFFERENCE QUANTITIES NEEDED FOR CALLULATINu 81, Tu1,DT1
CRE(1) = Ru(1)+b0(2)fR1(])+R1(2) : -

‘”:?C(1)'Ru(1)/u 0. o S R L
DR () =RG (2 )+R1(A-(RO(1)#P1(1))" i ‘ : - -
D‘I(P¢17~(\O(P+2)*R1(P*c)—(RO(P*1)*51(9*1)) - el e .

JﬁE(‘)—RO(*)+R1(3-(dO(1)+E1(1)) S .
SRC(P) =R ) RIS : : .

QC(py=0. v : cro . e

D674 1:2',»9,' BRI R e T T

T ODEI(I) = (RO (I +4) #¥R1(I+1) = (KC (1) +81 (1))
JuZ(l)—gP1(I+?)+RO(I+L)-(F1(I)fRO(I)) .
D3 (L)=(RI(L+1)+KC {(1+1)~ (k1 (I~ 1)0RQ(I 1))

= uu(L)—RO(L+1)*R1(I*1)+R“(I)+R1(I)

WRC (L) =R4 (1) /4.C H S
VISGOSITY AT T+DT/2. USED FOR NEXT TIHE INTERVAL As NELL._

T (LY RO

A 1?(01(1»1) LT. u1(1))Q0(1)~o 25*&15(1)*v15(1)*N4(¢)*((U1(1«1u1(1)c

~ L R - . o
N 5 S E



oo
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1)/Qd1(1)j**2
DX (I)= (R (T+T) ¢ R0 (1'1)) «J1 (1»1)/(5‘14 (I)"‘DR" (I))
u/3(l)~(°1(l)*F”(L))*U1(l)/(ﬁu(L)*DR1(I))

DXsS(I)=(I(L+1) u-(161))/(hu(;)‘Dﬁ-(I)*DR1(I)J' S .
OkJ(L)«(R1(I)’n )}/ (8 (L) *DR3 (1) *DR1 (L)) o
DAU(L)=(F1(I41)+Ru(¢*1))/(RU(l)*DRQ(I)*UhT(I)* H2(L))
uX/(l)t(f1(I)r[”(7))/(7U(I)*D L1(1) *DR3 (1) * N2 (1))

BEB(I)= (1. JPLI/DTY) % ((2.0D0) = (UK2(1- DX3 (1)) )

DS (1)=(BI(L) /DT) = (ﬂi JDO)*LO(I)*(DX2(1~D¥3([)))

BEI(L) = (12000 /LT) v (47204 0/7300D8) * (DX2 (L~DX3 (1))~

oL (D) = (DI2 (1) /0T) - ((4.0D0/3. ouﬂ)vuxk(L)*(DxL(L—DXJ(u))
Tr ((B.C00/3. )D”)*~'*yﬂ(v)~(bx”(* DX3(I))/ N2(L}))
-UE?(*) (LuCLC /DT o+ (4. 0.00 /3., CDO) * (DX2(I~DK3(I)))e -
L (TQO(I)/uxi»— ((u.CD 0/3 CDO)‘Lr (1) = (DX2¢ 3 (L))
LoVurwuu : : oy ’ 5o
[2=T+3,5%pT ' _ o - o4
['TSqATICN LOOP FOR-B1,TE1,TI11 STARTS:_. K :
= -1 : . . .
_LOVTIN'UE

=J+1 :
Cr LL LthI‘(I‘._,dL.,dRATIO P,L,1 TI2,NCYCH,J,IT, UT)

. _bOLUI LOW FOR THE MAGNETIC F¢.,LP. AT - TIME TepT:

ELUATION FOR ’I‘kiF MAGNETIC FIELD WILL ULE JRI["I‘“‘N I '1“1‘ rORM‘

CEAA(L) BT (1) Bb(I)b1(I)}i CL(I)BT(l 1) DD(I)

sz(yf1)*hﬁ2(9)‘
D0 3 I=2,p-
AA-(1) = o (DX4(I)*(KJ’(I+1)*KR2(I))/PI)

“du(l)- B33 (1) ((1.0D3 /PI)*{UX“(I)*(KB&(I*1)*KRZ(I))fDXJ(I)*

=}

CONTINUE

CALCULATES AMUNELIL PIELD IN CENTRAL CORE: :

SUEa L OR(RD (2] FRT (2 ))*U1(7)/(Dn1(1)*°4(1 Y) ¥8. O*(R”(Z}f«1(z))*(KR2(
S B 8 O B N O O DE 566*DE2 (1) *DRT (1) =RU (1)) +1. 0/DT

~r~d.”*(ﬂC(4)+ﬁ1(g))*(<P7(1)fKRZ(4))/(0?4(1)*12 gus*uu1(1)*qu(1)) :

Pr=6,.0% (£ (2 ;+n1(L))*(nu4(1)+xa4(¢))*(80(g BO (1)) /(1z.560%0R1 (1)
~1‘uu(1)“012( ov50(1)*(hﬁ(2)+k1(2))*u1(2)/(Ru(1)*Dx1(1))+BO(1)/
207

_.4(1)':':,r,/Gu ; : . i

F(1jstFre6 o e s

0C 9. I=2,P % i » ’C

CP(I)= (DD(I)*(CC(I)*P(I 1)))/(38(1‘(CC(I)*E(I 1)))"

T (KB L(*)+xd4(l 1))

CCo(1y = . (DYS(I)*(KRL(l)th7(1—1))/PI)

OD(L)—DDu(1)+((1 CuO/Pl)*(DXu(l)*(KRZ(I*1)+Kx;(l))*(JQ(I+1 BO(I))
1-u'5(;)*(Kr2(I)*KE/(;-1))’(B”(I ﬂO(l 1)) )

‘(x)-M'(L)/(BS(I-(CC(I)*E(I 1211
CONTLNUE

d1(P+1)—r(P)/(1 0- h(P)) . . . o ’
»J1(V)-F(P)*o1(?f1)*F(P) ' R 3 T

S D0 1C T I=1,0 U ' o cEL o

31 (2= I)—h(P I)*BT(Q I)rF(P n . R e L : Vs
LCOHTINUE. &0 ' ' R :
;so UTION- FOR hLEClhOh TnﬁPhRATURE AT TIAE T+DT; v .

EQUATLON FOR TE(T+#DT) WITY BE WkITTEN IN THE FoRM:z .
- CC(I) TEN(I~1) = DD(I) . .

R,

“AA(I)TET(I+1) BB(I)T 14

\4)
o 11 I=2,0 e



(ol

17

o
AA(L)=( .JDC/J.ODO)*(PLZ(I*1)’K(7(1))'UXh(I) :
By (L) =BBE(L) +( (Y. ODO/~.ODC)*((AL2(I»1)+YE'(I))*Dkb(I)f(th(I)v.
TKEZ(L-1))[*DX7(1)}))
CC({L)=(B.0L0/3.CDC)* (KED (I)thl’(L 1))‘DK7(U
HJUL(L)—j(‘.C*KQﬁ(I))/(J.q*fd‘qd(L)*(u O*pL)**2))
T*E((((BT( r1)vBO(1+1)—(u1(1-1)&3“(1—1)))/u93(1))**2)
DD (I) =DDE(I)'+((3.0D0 /3, 2D0)*((REZ (;+1)+KE:(1))*DXD(l)*(150(1*1—‘
11E0(;)‘(\b2(l)'Kr (I=1)) DX 7 (I)%* (TLS (I~ TEC (I-1))1))
-(DLE(I)/TLQL(;))+HFAI(I)+JJUL(I) .
11-CONTINUE :

ALLu;AT-J.rhMP PATURE @lsEZ OF CENTLAL CORE: -
GG=19333*(AC(2)*f1( )Y EIT(Z) /DT (1) "t (1) 45, 333* (1D (2)+RT1(2)) =
V(RS2 (2) #REZZ{1) )/ ((H1 (1) + 47 (1)}*Dn4(1)°0u1(|)“nd(1j)*] O/0T

EE=5, 33)‘(uu(~)*ﬁ1(2))*(Kr-(1)*th(~) 0‘4(1)*(w1(1)+w0(U)
T*0HT (1) x54(1)) Lo .
vE=5,333 ° * RO (2) + LT (2) ) * (KeZ (1) +KE2 (2 ) )= (TEO (£=TEO (1))

L FF=5.333% (& 0(4)*n1(2))*(KL4(1)+AL<(2))*(T'0(2 Tn0(1))/((11(1)*V0
1(1))“3\1(1)*hu(1)'DR2(1)-1 333%xTEN (1) * (K0 ( 2)fR1(2))*U1(2)/(Ru(N
<*UR1 (1)) + (TEC (1) /DT~ (DT D2.(1)/TEQ2 (1)) . .
3¢ (B.C/(3.0% ((L.0%pI) =x2, 0) *KB)) = (KR2(1) +K & L(L))*((Bv(2)b31( ) 7
uuo(1)+81(1)))*((BV(Z)*B1(2)—(50(1)*81(1)))/((N1(1)vwf(1))*DBZ 1)

CSEDRZ(T)) ¥UEAT (1) .

E{1) =EE/GG ;ﬁ
F(1)=FPsGG C
D0 12 1=2,0 -

. ,(I)—AA(I)/(UU(I-(CC(I)*V ~1))) ) .

F(I)—(DD(I)+(CC(L)*F(x‘173)/(BB(I‘(~C(I)*E(I 1))) o7 L

12V CONTINUE ’ .
TET(P)=1PEQ(P)
00 13- I=1,0
TET1(P- I)-(E(D 1;* E1(Q- I))+F(P L)

i

»

R
ey

13 CONTINUE Y

SOLUTION POR RELALIVE TEMPERATU«E, DT=TE-TI, AT TIME r+DT.
DO 14 I= 2 0 )
AA(L) = (8. ODﬂ/3.ODO)*(ALH(1+1)+K17(1))*DX6(U
BY (L) =8BI(I)+((B.ODG,/2, “Du)*((KIZ(I+1)fKIZ(I))*UX6(1)r(KIZ(I)f
TKI2(L-1))*DXT(I))) % (1. IDC/TEQ2(I))
‘LL(l)—(B L0 /3, CDO)*(n12(1)+KL4(I 1))*DX7(I) o
OD(L)y=DDI (1) +((5. OD”/‘,"D”)*((KIz(If1)*hIZ(I))*DXb(I)*(DTO(If]—°
DT (I) “(KI2(I) +KI2 (L-T)) *0x7 (1) *(DTO(I- DTO (1- 1)))) .
2= (1. UD”*D”W(l)/TLOZ(‘))+HbAT(I)+HJUL(M
T=((8.0D23, Dq)*((AIz(I*1’+KI2(I))*DX6(I)*( TE
5~ (TZ1 (I)+FLJ(I))-(KI2(1)*KI‘(I-T))*3A7(I)*( TE
(T L‘(I~1)*T‘1(I 11 j
A+((3.0D0/3, OD“)*((KE2(1+1)¢KF¢(I))*DXé(L)*((Tf1(l+1)+DEO(I#1)) o
b= (TE1(I)+«TED (L ) )= (KEZ (Iy % KE2 (I~ 1))*DA7(I)*((TEO(I)§TLT(I) :
TUCHUTEI (1) #TET(I=1))))) : .

1p*+1) +L:O(L+1))
3(1)*1&1(L)‘

14 CONTINUE

CALCULATES RELATIVE. Tbﬁ?'RATURMJIh CENTRAL CORE:

, i=55333 ¥(R”(4)4R1(2))*(&12(1)+h12(7))*(( ‘0(2)+Ln1(7)r
1(TLDU)*T 1(1)))/((n1(1)+\d(1))*DP1(1)*Y“(1)*[*2(1)) :
I1= 5 333 CFARD (2) +R1(2)) % (KEZ (1) +KED (2))-*((TE 0(2)+rn1(2)-

1(; (l)*T~1(1)))/((N1(1)*'“(1))*0”1(1)*W“(1)*ORZ(1H
: uu—1 333% (RO (Z)oR1(2))“41(L)/(DR1(1)"nu(1))*5 33;*(?u(4)+«1(’))
1*(K14(2)+KL2(1))/((N1(1)+h€(1))*DR2(1)*D~1(1)*Ru(1))+1 O/DT+1 -0/

Y
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rL-J.33?*(uﬁ(Z)*R1(2))*(KIL(1)*AIZ(Z))/(DRZ(I)*(W1(1)*\0(1))*Dk1
1(1)*ﬁu(1))

YF=5,333 - *(u“(2)071(‘ )R LKIZ (1) +KI2 (2)
1/((N1(1)*WO 1) 3*DR1 (1) *RY (1) =DRZ (1) =1.333#DITD (1) * (RO(2) +01(2)) *
“U1(7)/(Ru(1)*DR1(1))+LTO(1)/DF DTC(1) /TEQZ (1)
dr (3.0/(23.0% ((4.0*PT) #*2 D) *KDB) ) ¥ (KEZ (1) +KR2( ~))‘((U3(7)*d1(”)'(
SBC (1) +BT (1)) )% ((BC(2r+B1(2) - (BO(1)*+B1(1))) /{( t1(1)+N0(1))*DR2(1)
6*DR2 (1)) +HEAT (1-HH+II

E(1) =EE/G

F(1) =FP /GG

) = (bTd (2- ur0(1))

2
”

'Do 15 1=2,0" i

(1) SAA(L)/ (B3 (L-(CC(L)>2(1-1)))
r(I)”(DD(‘)f(CL(I)*F(I 1))J/QBB(1-(CL(I)*E(I 1)))
CONTLNUE
DF1(P)—DTO(P)
DT1(0) =E (3)*0?1(9)0?(0)
WO 1b '1I=2,0 E S
DD1(P-1}=E(P-L}*DT1(Q-I)*P(P-I). : .
CONTINUE : ' ’ ) : . o

. 'CALCULATION OF TRANSPORT COEP AT‘FIﬁE T+DT/2.

TE2(L)y=(TEQ(I) +TE1(L)) /2.0 S S
DT2(1)=(DT>(Iy+DT1(I)) /2.0 . : . . .
PL2(I)=TE2(L-DT2(1) ° :

ve (L) ={BO(L)y+us1(I))/2.0 ‘ o IR
CONTINUE ’ ' ' '

..CiLL ECOND (KE2,P)

CALL ETCOND(KEZ2, P) ' ] I .
"CALL ITCOHD (KI2,TIZ2,P). , ; N
CALL EITT (TEQ2,P) :

CKLTURNS TO CALCULATE TET,B1;DT1 OKCE MORE g

f*u0<z>~R1(z) s
RO (P+2) =R1(P +2)-

U0 () =Ut(Q) -

SENERALLY FOUR ITERATIONS ‘WILL SUFFICE T
1¥ (J-17T) 77,20, 20 - . o o
CONTINUE AR T

NOW HAS FINAL VALUES 0K B1,TE1,; DT1

ITIKC=ITINC+1 : ’

_T T+DT AT . .
LLABEL VARIABLESS . VAR LABLE1 BECOMES VARIABLEO.

44 N . | - @

uu(PfT)‘d1(Pf1f

@z

[t e TRNR TR
oo

oWy w ’J

S

[ S
€
Lab B R R P

¥

I¥ (L-PRTFR) 223,222,222
CONTINUE _ :
CALL ENERGY (DT,P,1)

1



@

DO- 505 1~1, : o
: POHEH(I)*PAB&(I)/(B 1“*(R1(I+1)**“ R1 (1) **2))
505 CONTINUE , :
NPRT1=NPRT1+1
~IF (NPRT1.LT. NPRT) ‘GO TO 881

.

NPRT1=0 ,
WRITE (b,105) T,NLOOP .
,105 FORMAT ('1','TIME = *',E12.6,' SECY, ~ e :

1+ THIS IS5 THE *,I4,* TH TINESTEP® 258 A

WRITE ' (6,106) , o :

106 PORMAT (' ', ' (L)Y, T10,*RC(1) ", PZC UO(I)',131 'r 20 (L) ,TU2,' D10 (D)
19,054,V N0(1) ', Tb5,'5C (L) *,T75,"PABS(L) ", TH7, ' PTH(L), 137, 'PRE(I) "
2,T108, 'PB(I)',T118,'hrATIO(I)'/) ‘ ‘

. b0225 1=1, - s
WRITE (6, 107)1 RO( ),UC(I),FLG(I),DTO(I),NO(I),BO(l),PABS(I),PTH(I)
1,PKE(I),PB(I),HRATIO(I)

125 CONTINUE

107 FORMAT (! W,Iu;b(1x;o1c.3),5(1x;510.3))

WRITL(6,108) PABST,PTHT, PKET, BT o

108 PORJAT('0D', ' PABST =',L]O.3,' PTHT :',510.3,1 PKET =',E10.3

1,' PBT =',E10.3)

CALL TPDATA

223 CONTINUE . o - e

IF (T-TF) 23,23,24 - : S S Ty

23 L=Lel. Tk o .

24 COHTINUE » T , . : 3

CALCULATE AND PRINT. OUT. VALUES USED AS AN ENERGY CHE:{ -ON PARALLEL
"TO PERPENDICULAR ENERGY TRANSFER. . :
. WEKITE (6,501) - . . . - - T
SOT FORMAT ('1',' (I) PAR. TEMP POWER IN POWER OUT POWER ABS., TOTAL
-~ 't POWER E3Y) - ‘ : o P
Tw3N=0.0 - - . : : : ’ s
IW341=0.0" : : ’ S
TDPAR=0.0
D0 508 I=1,p . . o .
AENW=W3H (1) * 1. GE-QT*DN (1) /N2.(1) . o '
W3MTA=W3IN¥T1 (T)*1.0E-C7*DN(1)/H2 (1)
- DEPAK=0,8i- 19*TPABD(I)*DN(;)/DT
CTW3IN=TW3H+W3IMA
TA3HT=TUINT+ WIHTW
TDPAR=T-DPAR+DEPAR . A .
. HRITE (6 ,502) I‘TPF(I),EBHN u3m1w D@pAR POnER(I),E}ZL(l)
503 coufiqu . _ .
502 FORMAT (' *,I4,6E11,3) . ‘
.~ WRITE .{6,507) ‘ . i C o o
507 FORMAT('C!,'TOTAL VALUES FOR POWER ABSORBED AND RELEASEZD BY PARALL
1EL TENP.Y) . _ ’ . B ’
WRITE (6,506) THBM,TH3H1,TDPAR , : _
506 FORMAT 7 ',' POWER INZ',E10.,3,' ' - POWER OUT=*,E10.3,
1 POWER ABSORBED=',£10.3) - -~ ) :
881 CONTINUE : . - . L S
’ L=0." . G ) :
.DATA PEAD ONTO A TAPE iF ITAPE— 1. N _
'LF (ITAPE.EU.C) GO TO 223", RS : o
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oo,
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“ 1) JLMDA LK, PwR1(I00) ,p¥ R 2(107) , w21 {1CC)
K

SRA

L (LTAPE.2u. 1) ENDFILE3
CALL bLUX(P bO,R0)
RETUKN
END
SUBRCUTINL 'LHEAT(T, RC, HRATIO,HLEII,NLAxuh,IHH?,SlJ,uLde,J 1T, Dr)
REAL LLN(1R0),.1A1(1rr),nL(1GC),JL&(1r“\ bﬁ(1(0),x“(100),1hAPLO(1O
17(1C0) '
1,APE(10‘),1PU(1O") TP“(100),H3M1(1°D), 224 (100) , ToNab(10))
LGMMUW/Quf.u /TEL,N2,82 - fCUNLAS/LIN, ! fI/LUADL SNAVET AV IS, PR
T,VWRZ\/PARAL/TPO,TPF, PZ,rJLu,aJd1,1PAHu,n31 '
LaZAT CALCULATES LASER IHNTEINSLTY LIN (1) i SooEU) (VO RED
FOL PONLERMOTIVE PRESSURE AND fiEAT L BATE/PARDICL (=7 /050y
LUKT=1 LF HEACZING HATLS . ARE .20 SE “CALUULATEL, ’

’
22

NCELL =" NO. F CZILLS USED I& DILEridENCE 5ncqamﬁ (P Ln"LxI'S NOT. )
NLASER = NC. OF LASERS USED IN HEATLNG.

HRATLO(I) = ULIFF-FKEQ. HEAT/INVERSE BREMSST H n’U\d AENTING BY
LNCIDENT BEAHMS. .
"DEFN OF LASEE PARAMETERS. ’ : . ,
AAVET, WAVEZ - "WAVELENGTH (MICKONS) S1, S2 - SPOT slaz(ey),
YD = PULSL DURATIOWN (S EC) : : L ) ,
WAVE1=Y, b _ - o
WAVE2=10.6

52=0.,0u5%

P1=1,25E+9 o

P2=%.25E+9

PD=U40,0DE-09 o v .

LASER AMPLITUDE VS, TIME (AF= AMPLITUDE FACTOK)

AF=2.0-2.0%T/PD . ! i . : '
- IF(T.LE.PD/2.) AF=2, O*T/PD

P1A=P1*AF

P2A=pP2*AF . ‘

A1=2,0%51=%51 S : _ S ) .

AZ=2,0%52%52 ) P N

SPATLZAL DISTRIBUTION OF LASLR ‘POWER.

PwhE1(I) = INTENSITY . (W/CN2) )

LIN = TOTAL LASER (1+2) INTENSITY (ER GJ/CHZ SLC) . )
.DC2 “L=1,NCELL" : N '

2w 1(1)—P1A/(3 1u2*A1)* xp( RC(I)*nL(I)/A1)

LIN(L)=9.0£+CT*PWET (1) R _

U TO (2,1 ,HLASER . ' - .

k2 (1 )=92P/(o.'JZ*AL)*’XP(-RL(I)*RL(I)/AZ) o !

le(l);Llh(1)+1 :*O7*PH12(I) [ . - )

CONTILUE - L N

). 27.0y LﬂDA z L5\ G g .
‘.u7~-41v((w (I)*HAVE1)**A)*Z*ALOu(LﬂDA)V“HR1(I)/TX

,4) , NLASER : :
HEAT (1) +8. 675—31/TA‘((NZ(I)*HAVEz)**Z)*A* uOu(LMJ\)*PﬂRQ(I

=t
~—



5

V)i

) A \

L
W2M1 (I)=0,0
CONTINUE ,

CIF (NLASEK,NE.2)GO'TO 7 . - - ‘ _ . -
LF(NCYCH.EQ.0). GO TO-10 ' o ' S
CALL DEHH (NCELL) ‘ o L

"D 171 I=1,NCELL . ‘
rCOL=(1.8 vﬂuv(r“)(l)«o 333323 2(I)) **1.5) /N2(L)

SE(TCCL LT, (2.0%DT)) GO TO 15
Tvt(l)l(TPO(I)*(j.C—O.S*DT/TLUL)rz.O*.ax(I)*UT/(1.ub-12*N2(L)))
/(1. 0205 T s TCOL) ) .

—_

Tb:(f}=0.5*(T?O(l)*TPF(I))
MENT (L) =1 0E-127 P2 (1) *N2 (I} /(2.0 *TCOL)
SO TO 11 ‘ C
TPE(L)=0.0

Te2(l)=C.0 ) -
a,h1(1)=h31(1)*0.5-4.62-12*T90L1)*Nz(m
CONTLNUE 7 . ’

IF (J-I7T) 12,13,13
CCHTINUE .
DO 14 I=1,5CELL
TPARD (1) =TPF (I~-TPO-(I)
PO(L) =TPF (I) .
-CONTINUE . ‘ ‘ : : .
JCONTLNUE ‘ 3 - . o
. J06 I=1,NCELL
Lr({;nx(l) LT.1,0E-65) HEAT(I})=1.0E- b%
Hi Al I O(A)—n3m(l)/uEA1(U
u~AT(L)‘i;nL(I)fﬂJH1(I)
COUTINUE. . e o
2/3 . HEATING RATE (sv. SEC) /PARTICLE VALUE STOKZD L% HEAT(.) .
LOY I=1,NCLLL. ' ‘ v . o
HoAT (1) =0.66617%0, 625‘*12‘HLAT(I)/42(U
CONTINUE . A -
RETUAN '

ufdd(NLLLL)
HARNONIC - HEATING Vr_RbION 2 L o
LCULATES HE ATI‘JJ RATE DUE TO MIXINS OF 4§40 AnTIPARALLEL

)/ . S
CPHRT(ACO) ,PRE2(100) , w3 (1)
ZL(10") ,TP (1""),’1\((1(”),

F/»AVL1,uAvv2 vwa1 9HR)3
’; ,Tearp, w3~".~ : b
L0102, 188 1, 7 2. O,L.J,;.

1 1*0,1 035, 0.9132,2, 7451, 6060 257
2 e B8 :f':/,o 5’47‘4 '.410)~ —Q-t«“()..,"b.
E SL1393,%0, 09 AR AP B A I AP
4 - 7»,.')(‘()06,‘-. 7C9, 93231, 081897,c.5543 8~ ;‘)-;:')45,7.0,
5, ‘~5.~72 0. Sbgo,T.ﬂOI €.2033,0 09573 ~0.C6o21,-2.043
6-C.21301,-GC. Czu?d C. C/ E ’
" CLLIULATION OF -BEAT XSER HEATING.

PAYAYETEKS FCGk THE DI Pn-Q. WAVE (ANTIPAXALLEL baans:



~

(SN SN

oy Y

12

1

29

CAIEOLLLB e Cu (1D /WAVET T, 0 /WAVER)

AT 8H9E+15% (1.0/WAVET-1 L0/ WAVL2)

KZZADS (K 3) .
DOT L1I=1,NCELL ' .
APE=5,63L+Ju %S QRT(N(II)) :
YOL=5,93E¢07% SQRT ((T(I1)+TP2(IL)))

VLIZ2,53E-CSaN (LL) /((T(LI1)+0.333333*TP2(L1))**1.5)
K=KZ*VOE/ (1., 4142*WPE) ‘
AC=W3/(KZ*VOE)

AOE=AD ) C .

IF(ACE.GT.10.) AOE=10.0

ACES = ADE®AQE

SPLING- APPHOXIMATION FoR FO : . ,
VR (ADLGT. 3, 25)uO TO 12 ' )
JC7 I=1,12

1t (AC.LT.FOSEL (T, 1))u0 TO 8

CUNTINUE ) ‘ o .

I=I-1 : :

uh-\“-EOgLL(I 1) )
FCELOSPLA(L, 2)*EOJPL(I 3)*DAkaSPL(I u)vom*ur+ro,pL(1,J)~uavvi

T EC=J%FO .

S0-TO 11 ? ) .

FI=J/A0% (1, O*Q.)/(AO*nq)#O 75/(AC**“)*1 /(AO**0)+0.103/(AO**1))
DAMP=ANAXT (VEL/ (2. 0*&;*AO**J),1.772*pr(-AOL>))

FC=FO+DAMP e

B22=0%3,0E-1H*KZ*WAVET*RAVE2* (1, OfJ*AO*kO)/(K*hfl.OrJ“\J*FO
1—*.721—“4/(HC'AO))~1 G343 .
H_AM(II)—(LsDB(LJL))*JQK T(PWRT(ZL)*PWR2 (I1)) B

W 8 (L1) =WPE*wWPL*AC*AC/ (2 » T42%KZ*VOE) *REAL (FO) * (CABS (E324) #%2)
1*Pn~1(II)*PHR2(Il) .

COCNTINUE
JETURN

ZND i o .
SUBKCUTINE REST(TLC,L,PE,ITEDT,J C,HE,R,DN,TyO)

THI S SOUTINZ WILL REAv DLATA FROM SEQ.  PILE AND PAS3 IT LACK [0

ALas2,” . . N

A3 INITAL LJhDITION
PO NOTHING I5 DOWE. . : S : _
z ROUTINL RESTARTS WITH INITIAL CONDITIONS AL  wid FLLE.
ITEST=Z fOUqur REULSANIZES DATA TO CHANGE NUMULx Or SUELLS.
L3 KT (1C1)4U0C(101) ,TE O(1CC),JTO(1O Q) ,TIC {109y, 30 (10,
: T),quu nw(1 0) . '
< 25 (120 5(1C2) ,Ti5(102) ,K5(102) ,¥5 (1C2), 65 (102),
1 TCC\.), Al (1“0)4, LPJ(1L4),TPQ(100) - R
LG EK z”)[’z.,\é
& CHNCN/CONTHL/TED DIC’ C,BC/COHUYO/UO,RO
PF{ITEST..w.C) G0 TC 1 - -
oo 2 I=1,NKEC . - e .
WEAO(4)T,TF,P0,R,B2,P1,R5,TES,TLS,HS,VS, BS, TS
CONTINUE B R _
AIF(ITEST.ZU5.2) GO TO.9 - ) ) : ' o
DO, 3 1=1,21 -~ . : -
HT(I)y=DBLZ(xS (1)) -
SJC (1) =DPBLE(VS(I))



-3

TRO(f)anLx(THS([)
YI0(L) =DULE(TIS (L)
LPQ (1) =TPs (D)

U0 (D) cDBLE(B5 (L))

NO (L) =DBLa (N5 (L)) |

' DlO(I)—TL‘(I—LIO(L)

(QNTIWUh :
IT(PTe) - ;hLE(JJ(P1M
HT(U1¢1)~p;bL(V3(P1*1))
RO+ 2) = 00LE (2, CrhS (D141~
JO(eTed) DRLE(VS(PTeT))
o0 a1, P9
DO (a) 7N (i) =3, 10t ((RD (L+
CUNTIHOUE :
w0 'To 1 )
“N(1)y=2.10-12
RO(2) =w2 :
AE(A/ W) * (1.0/(Per1.0))
J“ 4 131,10
‘(((D'(A‘1 0))*N2)/44)“(
CIONTINUE
27P2+1]
00 5 I=3,Q

.z”(L)-nﬂ(l 1)&A*(RO(I 1-RC

w

—t

CONTINUE

1S (1))

T) %% = (1KC (L) ¥%2))

1.0/P2)

(I-2))

7 (J%1)=2.0%R0 (27 1-R0 (P2) -

DY ¢ I=1,01

2I5(L) = (R (L)y+RS(L+1)) /2.0
007 I=1,p2
RCH(:)=(?3(I)vRO(I*1))/2 0‘
N1=1

20" & I=1,p2

N=N1 _

D20 10 J=N, P

N1=J

IF(#CN (L) .LT.RC5 (J)) GO TO 11,

CONTI V”E o
JULY COME5 HERE IF PCN(L)
ﬁC(;):J; (VS (P1))

T2C (1) =TP5(PT)

TIZ(I)=TI3(N1-1)+ ({KCN (L~RC

. GT.

5 (hT?T))/(LCD(-'I—(\.'
I’

51—1)))

THU(I) TDELE(TES (P1))

TET(L) =DOBLE(TIS (P1))

A0 S(Bo(P1)y -

HO(I) - (NS (P1)) )

DIC (L) sTEZIHI-TIN(I) %m

‘s TO A o

LEA(NTOEG. Ty 6D TO 12 .ok )

FUNA(L) IS LETWEEN vLJ(M-I) AND LCS(HT1)

s3L ,d(‘1-3)*((acx(: d»b(-T—1))/1ECJ(HW—RCS(
TE (03 I~ (N1=-1)) .

LST(L 5 ’LT)’((lLI(v-hbS( 1_1))/(UL5(JI‘ALJ(K —1))) o
1= (V5 SYAENT=1)) '

T .:;(11—1)0((kpu(I-xL,(W1-1))/(JvJ(u1—?LJ(W1—1)))
T (D20 (NT=T23(N1=1) ¢

(1-1)))

Ty



fou

<

[ ]

Teqrln(v1-401, (11-1))

TROCL) - Trotn T=1) o ((RCH (I =KCS (HT=1)) /(UG (W=l h (W 1=1)))

T (ePn (1= 0ps (H1-1)) ‘ "
HO(1) -0 (1= ) C(ERCN (I=RCS(HT-1) ) /Z(RCS (H1-LUG (HY1-1)))

T (NS (ST =05 (N1~-1)) K

DIEO(I) “TEI(L=TLi0 (L)

50 TO 4

CUD (1) sDBLE(VS (1))

TYO (L) TPl
TEC(y DOLE(TLS (1))
nD () DL AL ()
{C(i) RN N I B

THOQLY CLULE(TES (1))

SIS (L)y - TS2(L-TLO (1)
NI LwgE

BT Ie1) =00 (02) - .
ey 1y 22,000 a

D1y 11,p2 - . B ¢
DN(L) =50 (L) *3. 1410 ((hO (L+1) **2,.0-(RO (1) **2.0))
; TUE :

VAU iN. TINEA(Y,TSF,TI2,ITEST, KE, TIC ML, 00,PP,01)
NLaLes TE1(100) L, 0TI (IC0) LB (100) L, BT (1€0) ,UT (16T ,21(121),
100301y L, 05 (101, T20(100) , LT0 (100) ,B2(12C) , N0 (100)
U ICDY L U 1Nl L FE(I00) , DALS )

PRAL CTRZ(ICZ)y,n2(100), TLo(167) ,02 (107 ,KB,0L,AA(107) , 04 ()

INTo ok -
LMACN /C /TR, DY, N, 81 /0004 Y T /0, k1 CONTH2/TEZ,N2
1,00 /008HY5 /60, RO /COXTHS /T EC ,DTO, HO, BG
PO ONE CALCULATES TIME (SCREMENTS FOu WEXe sTLe IN diHD CODE
DR ICAL SHELLS USED )

TIME 5TEP FOK EQN3. TO BE STABLE. o o
CTEP TO BE USED :
5:0 LN PREVIOJS LOOP
C 50 UND) x22
VEILOCITY) **2 .

L: :
(1)
() 21007,
2U(3)=1002.0
(=) =1007.0 :
T2 (33 =1009.0 )
L (u; =1000.2
AC=T3.,5
Ca1=0.2
A2=1.0 ~
23=1.0
A4=10
:’15:20.0
Ab=0,2
T3T=TS?
PsE=1,0 : i
It (ITEST.ED.Q) GO TO 621 . N
3¢ TO 602 : o N -
CONTINUOE . o . .
. . R . < ¢ .

o



Do L, p
PRy =TEI (L)
DTT(L) ~DTI(L)
N1 (I) "NO (1)
B1 (L) <B0(I)
RY (L) "RO(L)
3 CUHgINUB
AC =D,
RAI(P+T) =RDO(P+1)
602 CONTINUER

¢ LIMTT 15 50
DU 1 [=1,p
SaVGL LN T(I) e (1,
BHO- (Toblu-cu)=i1(1)
Code (‘. (/1
CA2= (B (L ) *w2) /(b

STABILITY COWDLTION
IRO-T6) * (TET (D) + (YFI17(L~

L) *PRESS /RO
0%*3. 14159 *KHO)

k_:“xL((_;.;OL;’\7)
;g::”-(ﬁl(ko1 R1 (1)) /C
LE(io LT T2 (1)) TZ(1) =TS
1 CONTINUE :
- Lt (ITEST.EQ.D) SO0 TO 99

NENGR

1
Usou I

1C(1-1)
1)+50 (1

-I‘(\J)I(AA(J.)) T. 1.0¢
6 CONTINUE
> 2 I=1,10
C LISIT TS S5
C FACTOK OF 'atlr,
RI=AT™(RT1(1+1-K1 (X))

(KD*ND (I) %

1) =ACCELEKATION OF THE I'TH

a

+TEQ
) ) =nx) )

(TIO(I)*TEO(T))»
(L=1)) +4L*u0 (I- V) +PP(I-1)) )/ (2O (L¥T1~

SATLSELED,

DY (L))

SHELL BOUNDARY,

I*2C (L) +PP (1))

(
1
~“-(¢))*(1.0/(u 0% PI))*(BS (I~B0 (1-1))/
1)) *(8D (1=1)+ N0 (1)) *8I) )

L

£-00) AA(I)=1.0E-60

SUELL THICKNESS I3 NOT INCREASED BY MORE THAJ a

J=UT(L+101 (1) + (TSI"(:\A(I*1-AA(L))/2 0)

Ap= (AN (I8T-AA (I)yyrs2. J
AU=ADLS (U)

AAl=ABS (AR) '
P (AL :(U) LT.1.7E- 30) U=1.0E-30
LE(AAB.LT.1.02-50) AAB=1.0E~50 3
IF (( (4. “‘AnB'dl)/(U*‘g)).uT.1 0E-02) GO To 7
I'S=RI1I/AU )
I TO 8.
7 DLI5=AU=%2-4,C*RAB*RI
sD1ls= \U"’“ 4, "‘*A‘\U"‘RI .
TIE(((J. .3.0) < {Ab.ST.0,C)).0Re ((U.LT.0.3) . .ahvo(a3.L0.0.C)))
71TJ—(—AU+3¢&T(S'IJ))/(“.“*AAd) : .
SIT(((ULGT.2.C) JANv . (Au.LT.0.C) LA hol(Dolb.ur.O.G;).ua.((J.L?.C.f)
T.ANL. (AB.ST0.C) LAND (DDIS.GT.O.G))) T5= (AU-JURT (DLI4) )/ (2.0%AAD)
e ;r(((u.u”.c C) +AKD. (Au LT.C.9) WAND. (DDI5.LT.2.0)) . 0%, ((U.LT.0.0)
1.AND. (AB.ST. C.O).ANU.(DDIS LT.0.0))) T3= (aAUrs2ui(S0I5) )/ (2.2%AA3)
3 Ir(Tb LT mg (<)) TZ({2)=TS . -

°



Hiy

LIMIE T o CHLL CLLOCTEON ANU LON Taor, owEs HOT CHANG O o (OR
CAAN A Bav ool ol PAC RN D YA s s e LIV ELYT,
A (ol (rer i) -raa Ly

R S G T VRO R NSRS U T U [ SRV Y ) . -
PO (ACE T (L) e Ts L) /T
P T T U F 10 T VA O § T A
A A N B I I N O
R N R D D O BB
i B I A T A S B B e )]
(A iy 21l

LR ) T () TS

LI Voo R T L Wl U AN G BY R THAN N Ao sl Aa,

AR 1 ._','1\;‘
R (Y sl te Y-y Ly 1L OD=50
P sl V(L)) LT O TR eI HY A L5800
( \A.(Ul([)).LA.C-1U‘?H) AS=OIDEOL /DAL (BT (1))

Neddho GAGL AN (D) /U1 (L)) ’
LAY ILLL IO L0E=-50) AVEL =Y, 0E-50
N ANV E L .
(Jo LT la(%)) 14 (%) 15
G N cIiN e )

LLacs D0 LU WADLUY Do NOT CHANGE DY HOKE THAN A rACTOE UF Ab.
o 12,10 ‘
SloAuapt (i)

PTIIT (L) H{un b EAA(L) £2.0)
LoAM(E) /20D
SUAUS (U)

Vi s ABG (A

SLo(My SLT0Y.0E-530) 0=1.0E~30

'

N

{

Tr AL LT T TN AT S, 0890 : ' . .

CU((H DR ALY /(GARL)) 5T 1.02-02) 6O TO 17 - \
TLERI/AT ' ’ : ‘

SA R ey O FRABRRL
UGS AURT g ) *AALXR] :
o) VAND (A0 5 2.G.0) ) v OR ((ULLTD.0) wAND . (A3.LTC ) ))
(SUL5) ) /(L =AND) ’
C) AU (A L TWT.0) cAUU.(UDIS.GT.2.U) ) e Dd. ((U.LT.0.0)
GO AN (LD IS sTL 00 THE (AL AT (Dl J /2. ARD)
e D) DR {(deLra 0L Gy

FoAboeo (AL LTW0LT) LANDL (DLIZLLTVE
”.C).ALJ.(D?IS.LT.C.Q)f) TO=(AU+L SRV (s DIy /(2. 0xaa)

[} ) T4 (H) =15
e §O LNCPrEASE 8Y FACTOER OF AU IH A SINsoe s5Tep
L (TSR TSE) TUSE=TS B
k] SUNTINGE
LT VTS Y noUAal TLOSHALLIST OF T2(1) .
P
1c2




CO1L FORIAY (Y ', R11.3)

RLTURN : ¢
EHD ’
PG UT D LTUOND (BB, NCELL)
T SUBROUT M0 CALCULATES ELECTHON FHLEMALY CoNGUSTIVIPY A Aol
( kkd[ult;. '
1AL TLAICD) N (1CC) , 5 (1030) , K (100)

CCOMMON/COATH Y TR N, B

Dol d Y, NUELL .

VAL YR S0 N (L) T (L) * =T L5

A b T I e DR (L) .

HE gL Do e TR R0 (D) /oA (1L MGG ((de Sy ) )

sy

LND

oo TN L D UCuND(RD,T L, NCELL)

vetar L UTING CALCULATLS THe LoM THERMAL CoNDUCTLIVEL:D Vit ML
C CLAD RS, ' "

hoAL T (13C) ,TL (100) ,K (100),8(100) ,KL (100)
JONMON /CORTHL/TE, N, B

231 121 ,HCELL ) ’

l("‘

sEE . e, 1 75*% (PRI (1) /T
);\‘(1.7]"\,'7"\(1)/—[ (I )
W Iz, 560u+03*8 (1) .
R (L) =% .9 4L+e 12%8 (1) *T1 (')/(L}L*u/\*(1 D46.25% (ACI/ (h*GA) ) =%2))
1 CYNTINUE
AL TU RN

2 (1)
1.5

SHD
* 3 EITT(TEQ,HCELL) . !

oo S ITT CALCULATES ION~EZLECTRON THEAAALIZATION (.iXB.
ht 02y, "(1CO),u(1OD),A__.,)(‘]OO),L"lDA
C AZ2/TE,N,B

’ ELL | . o

3 . 30.9) GO TO, 2 .
= $10TE (1) /B (1) *%0.5 ’
50 TO 2 E
L LéDA=1,55% +1C‘(T‘(I)*‘1.5)/H(I)**O.5 ' ©t
3 LHJ(I)—3.10F*Ob*T‘( ) ¥*1 .5/ (N (L) *ALOG (LWDA)) "
1 CONTINUE ‘ o
RETURY
‘; D . . J” N
SUBXDUTING ECOND (KR, NCELL) { :

: Sk iho CTALCULATES C*%2 ¥ TESISTIVITY (STATOHML.CNXZ/354C2)
3 ;(13(),-(1[0),Jk1fr),nh(1n0),LHDA .
COAMON/CONTHZ/TE, N, B -

Doz LE1,NCELL
ls(::(L).uT.,o 0y GGo 10 1
LUDA=3.3100¢ 12*TE(L) /N (L) **0.5 -
LTS 2
P10 LMDA=1.595E 10X (TE(1)*%1.5) /N (1) *=0.5
2 AX{L)=T.03EL+07*AL0OG (LYDA) /TE (1) **1.5
3 CONTINUE !
RETURY
N D : .
S3UZRCUT ELL,IE) ¢



(@]

[

1

e

L]
en T sV A A LU E ON Tat G THULATTON oL, Ve CAR T LU AR
PILE BATE AT wl O THLRHAL, RINEP TG ANt mnunrrlr PR L P T O S TR N O TS
InA ELi I CALCHLATLD AND CAN D COMPARLD TO UHe WAL AT daloil
A NNL LT L Do I T N THRYE PLALA
EUALe s 00 (10T B0 (V0 Tl (100 L pTO (100 KO (100 ) L, a0 (193) , D [RRRED]
WAL THU(TJF),alH\(]”ﬂ),'[’“(IﬂO} Bl (W) i (1) a1y
Tovawn (1), vragino)y ,era (170, K (TOD) LA (3 ) L bn (150
: uw/u»Jxrf/u>,x(/fwn:n;/LLA,UAO,N-,HV/xan«J/Llu,nuax,uuﬂLw/nu
L L N S L T L I 10 S LN TSI A C TR AL O A U T o
CATCULATE N Oy PHIESAL, R TNLTIC AND AR RETTO b L LAC G
s La Db Tl bG Tar ONLY CALCULAT L ON Y0 o AAD6,
R O I S I R
R R O O S
AN ua—1L~nn(1)* (2O TEG (L=DTOY(L))
D) L DL s LN (L) un (L) v (LeTy e
Snd (DY RD (L) tel (L) oD (RE (L) RO L e T -RO (D) *w O (L))
DLHUINUE
)T
[ i
) s SLAI) R (0L O (L~DTO (1))
fol 22 DOADN (L)X QUD (L) rUN (T4 1)) weD
DACR) -B0 () *B0 (1) /8.0 (e (Le1) *uD (Le1-RC (L) =40 (1))
CoOnNTUadE ’
PdER CALCUL AT LONS .,
\
o}
ORCR -
(ETHT (
(EKZ1
PAL;TluAJJA'LADS(L) ;
D= THT #PT H(T) [
ET+# PKE(I) 5 o ,
P (1) 1 |
B : S, B85 ABE S3ZT TC THE LAST VALUES, IE. =TH1,. 7
o 1~1,H¢;LL . ' '
1‘(‘5: x1(l) ; N &
{ \‘ / e
. /
° {
) % / ’ /
TA . C /, ,
1Ty, Ny, T C(105),UTC(1CQ),uC(T”C),M0(1uJ\ f .
SUAL ,Jm :),‘z;»;umc;),,n,(mz),r:suoz) 51725, o (122)/, L1 2)
1,023(170) , TP (100) ,TPL(100) ,E3222(169) , A 1(1”‘),‘uAd;(/OD);
243*‘(1_0’*) ! . s / -
INTEGER @ . o/ o
COMMON PC,&V,;/?,T,TE/CfalyO/Uu RO /COUTHY STED,,DTC /N, 80 '
JUARRL/GO0, Ui e, TP2, 252 %, a281, T RARD, 4 2H I }
SUBROUTLNzZ PREPARLS NUMERICAL DATA TO 3E STaﬁnu ON MAPE FOK - /
a 4 : !
‘. ) ’
2 P e ! }



X .
c PLOTT NG,
001 I=3,p
. TLd(i):SJuL(TFO(I)) : o . . .
L LIS (L) =SNGL (TE0 (1= UTO(I)) C . Lo -
Ce VS(;)=SNuL(VO(I)) : R .
S Tes(1f= TPF(I) _ . U Ca
1 CONTINUE R , S S
N=P+] ‘ B -
D2 I=1,N ' )
LOHS(L) =SNG L(RC (1)), . . : o . ) N
J,i(L)fS‘J\;L(JO'(I)) ] . : ' B )
V3 (L) = D\LvL(UO(I)) L. : e
2 LLJ”JtUp-‘ e . - h S
TL(3) T,Tf,po,ﬁ,uz,p,usI,Tus,rls,us,vu;u; ,TPS
RETURN B . . 3
END B T S _
SHBRSU”IVE FLUX(P,BO,ROD) ‘ e BRER
SREAL*B B (100),RO(101) C ‘
i INTEGLR £ ¢ . ‘
CTFLUK=0.0 e ‘}
DO 1 I=1,p - oo ' : ’ B
Tr LUK=TFLUX. - uO(l)wJ 14159*((39(1+1)*m7) T ORD (L) ERD) )
1 CONTIﬁUE ’ : ’
WKITE(6,2) ‘TFLUX
yoL2 rua““‘( "'TOTAL MAuNETIC FLUX Ib' E1u.c///) o
. BETURN : IR g
END T e T ; .

"This routine plots data fromw magnetic tape Of the 5.H.D.’rohtuun
CEEAL R’(194),1‘h(1 2),TI(10”),N(1O ;,vnoz),umd’z) L T0(102)
CINTEGER P R

coniEon

1/?LOF1N/F£ TI NV, B, Tp

e DB In T HLOT. :
U TINCG B NG , TIME- BrTn“cN PLOLb
5 o TELOIS Sol TOTIME FOF INITIAL PLOT. ‘o
S ZALL YBLOTS S SN -
CCALL PLOT(2P0,5.0,-3)y - Lo . _ ,
TEESCL0EFO T _ _ L v o L
- 3 ; i R
© 1 . o Q&’ :'.\
. v 251,TF, PO, ? UZ,L RH, T~,T1,.,v B ,TP \b !
".,u.r L)uO TO 3 :
S0 TO 1 )
3 TPLETSLYTLING
‘,L)C/ -4 _L:T‘,p .
WOTD(Iy=1e (1) +TE(I)
" CALL HYDPLT s S S o o
TEA(TJGELTF) GO 7O 2 - A e ..

LSO TO . : ;
= CALL ?LOT(L.0,0.G,999)



A0

To-

OO arn

Q6.

OO0 or

(o]

o

. .uJ‘ . ' . ' .;.

¥ ‘

~-s5T0P Co ' S . o : —— .

END B _ : o o L o o ‘
SUBKQOUTINE HYDPLT . oo . L CLo . : I
CGUBROUTINS CSALE FINDS  SCALING PAKAMETERS Foi COMPUTEN PLUTTING®

AND KESULT5 APPEAR IN LOCATION "wP+1) AND (D+l) .. . N
TAN-+QRDINATE OF 7 INCHES- LK A PLUT\IS,ASSUM‘D.. IR

REAL *h(1ﬂ7), 1(102),N (102) , B (192 ,V(fbi),“ {10z ) L,TP 102y _
LWT'uERaﬁonLU( 51/6& ©Y,85,98,73, aﬂ 104, 64,77 1u3,11d,11.,ao 113

1, 1’} u7 47,67,84,46,96,115, u7 47,93/, VLB(LG)/7O 83,d5,1u2,64,101

e, 69,73, 30 67 7.,,99 1\/“ 64, 77 67,113,11 ,9(),11tf,47,u7,n7,c‘l,)r’,‘)é}'

3,(',’)7 g2 / Vu\)\
COMMON R, b4, PY,7,TF, i’ RH/PLO TV/I‘L ['I,d V,L‘f",TP‘ i

AXT, "'\“/\\,VHA}( REE’I\h‘)kV’I‘ dAX.- VALUES IN "“?’11’ DENSITY, AW VELOCITY,

TO A POWER OF 190, - .
ALL SCALLNG COEF. ARE CONLAIWLD IN LOCATICNG ~(#+1) AND (2*+2).
HAGHETIC FIELD SCALING~- ByUZ X DENSLTY ATIMEZ0) /L AL, OLESLTY,
PLOT. WINDOW, X-AXIS AND LABEL PARAMETERS. . ‘ N o
CALL -HYDLBL ™~ ) Co
PLOT OF 'oLEC TH\N ‘ION AND PARALLEL ThanHArqhh vE. avIlus.

. CALL CSAL (TP, HXT, P\O) - o ' e - : B
F“(Pf1)—TP(Pv1) . -
TE(P+2) =TP (P+2)

TL(P+1) =TE(P+1)
TI(P+2)=TE (P +2)

o

\ .
1

LALL AX15(C.0,0, O,'TcﬁPERATURE (EV) ', 16,7.0,90.0,LP (P+1),T¥ (B+2)

:20.0) . . .
CALL DLIVM(RM,TE,-,2 C.050) o R o
(CALL DLIN;(RM TP,2,1, o 050) : B ”

SLOT OF PLASEA DEN;ITY VS. RADIUS. . o
CALL CSAL u(h,NOMAX e, 1) . ' e
VAL“‘“\Ib(7._,G 0, PRE B 7..,90 2, N(P+1),h(2i2)72C/O) R S

LU(1))—102*NOMAX’ ! T o -
SALL L5Y43(7.9,2: 5. o 12 NLB(1),9O q -1) . ,

D01 [=32,25 . e -
~CALL L5Y#45(999.0,999. 0, o 12, NLB(I),§O .21y e
ChLL "FLINE(RM,N,P,1, ‘C,0) S - T e

2LOT OF HAuNLTIL rchQ VS.‘RADIUS.' .
J(P*1)=V(901) . - ) - B
s(va)—w(poZ) : o SOt : o
D02 .1=1,9 ' :

s (L) =7. Ohf16*?0*u(l)/(82*10 O**hOMAX)*O 00 ) A ’ /
CALL D[\DliLh([‘m B, P 1) e . X . /o

PLOT or fLOHrVELOCITY VS. RADIUS. : L T S
ALNDOW -PLUS LABELLING. . . . ‘v S . Y
‘;ALL'PLOT(-O.5,10.Q,—3)' ar : IR o/
CALL dYDLBL o o _ _ ,'/
ﬂo“e LET1ON OF GRAPH .PLUS LABE LLING. ~ . ' S /
CALL SCALE(V, 7 0P, : - s o/
CALL KXIS(D.C, 0 tFLOW VELOCITY (CM/SEC)*,+22, J
17,0,}0.CfV(P+1),V(9+2)) R SR o/
CALL AKIS (7.5,0.C, YFLOW VELOCITY (CM/SECYyY,-22,° T

40



00

A\

17.O,QO.O,N(P}1)LV(9t2))
CALL FLINE(&H,V,P,1,0,0)

HOVE ORIGIN TO PREPARE FOR thT PLOT‘

CALL pPLOT(12. O ~-11.,
RETURN '
eND ’ »

SUBXOUTINE HYDLBLY ' *

CREAL RM(102)
IHTLWER P .

.

;=3)

91

LUAJOW R,02,P0,T,TE,P, RN - o ) "

3USROUTINI HYDLBL IS“A LAUELLINS RCUPINE. GLVes A WLNDUW (8 % 435),
PHE ASAKIS AKD THE FULLOWING PHYSICAL COHSTANTS, TIMEMSaY)y,
FLLLING PRESSURE (TORR), AND THE MAGNETIC FIELD (KG).

1

A

\

“TE TIAE(SEC) . .
DHAWING OF A WINDOWS

©OR= 4AX, VALUE FOR R (CH)

%

sancnaa

e

CALL PLOT (0..C,0.0,3) .

CALL PLOT(0.0,8.0,2)

ENLL wPLOT (8.5,8,0,2)

GALL, PLOT(8.5,0.0,2) :

“CALL PLOT(0.C,C.0, 2) -

DEFN OF A NEW ORIUIN- )

vaLi PLOT(0.5,0.5,-3) . :
SCALING COEF FOR RADIUS. . .
R (Pe1)=0. . , I
RY (2+2) =R.77.0 : ' ’

LA;L AXIS(C.C, 0.0,'RADIUS (C4)*,-11,7.5,0.0, RM(pf1), M(Vf’),14 29)

“ CALL AXIS(C.0Q,7.C, y=1,7.5,0.0,1.0E+40,1, 0, '8.57)

PRINTING OF  PLASHMA PAEAHETERS.

"YZKGEBZ*1.0E-02

© TNSEC=T*1,0E+9 R _ S
T oCKLL SYMBQL(C.25,7. 2 0.98, ' TIHE IS ~ o NSEC.',0.0,19)
TCALL NUMBER (C. 95»7.¢,c 03, TNSEC,d.C,+2) g :
CALL: 4in8ﬁi(k._ J250.68, FILLINu QBESSURE 1s TOREK.',0.0,30)
- CALL NUM L«(d.@57 7.2,0.98,PC,0:i0,+1) o o -
gLALL,sym oL (4. 85, 7 2,0. OS,'FXTVRNAL FIELD IS - "RGAU35.',G.0,
1309 i - D0 .
iALL "NUMBER (6. 25, 7.~,c 63, BZKu 0 o, 1) P
" RETURN
_Jno_ e : . ) ) )
0vuuuouTINL CSALE (V, HX, P, SREQ) Lo ‘ *
‘r:“L V(102 . TR A .
INTESER . 2,5REQ . 0 : SR 5 .

SUBROUTINE SCALES VAdlAJLFa FOR, PLCTTING., o : . :
VALGES TO #E PLOTTEDARE NORMALILPD TO A PGYER OF 10 (MX). . i
SL=SCALE LENGTH/INCH?. o . :
SiEY= .0 (NC 'SCALING) =1 1F SCALINU IS REQUIRED.

SCALING PLHFGRBED . O¥N BASIS OF -7 - INCH -OXDINATE.
(= O- L. ‘. e a . . . -
w0l I=1, e S o ———
L TE (XL LT, V(L) ) X=V(I) ‘
‘CONTINUE oo 2
DIFF=ALOG10 (X) : ‘ B
4= IkIX(DIPF) R :

-



. N
 DIEE=DIFE-8X . e ’ e R
CLF(DIFFLLT. o 813)UO'TO.3.‘ ’ o . . e T
4X=MxX+1 i . S
DIFF=DIFF-1 -~ -~ - o ™
3 LEA(SuEQ,.NE.1)G0 TOwy '
SE=10.0%%4K
py2 I=1,p ¥ R
VL) =V(L) /5F
2 UONTINUE .
oo TE(ULFF.GT.0.5%12) 60 TO. 5
Lo (uIbP.of.0,284)yG60 TO 6 P . o .
5L,70,25 ' . . Y
ST 71
Do LSL=ETL0 ' ¢ : s
T T U5 B BN : e i
5} o ~—.,\.r7_ ' ’ ' ’ L ) . ' L
I OLE(SEEG.NG S1)5L= SL*1O D*EMX Y . : ; o
VA(Pe1)=0.0 - . LS - -
Y(pe2y=SL L : : : ST e . \
CRETURN « ‘
sup . . S e o\
>u“wLur1‘u DLINE (X, Y,J,LLHAR HT) ‘ L
‘wlaALl X(1Lh),1(19“),x1(102),Y1(102) e e - Y i
c © .k "AND Y AXE,VECTORS TC BE- PLOLTLD . SCALING MUST. DE ARNYTADED
¢ hs=No, GF PIS. TO BE PLOTTED. - IcuAR:erBOL CODE. uT= CHARACTER
‘ D2 1 I=1,N g : ' : L
x1ji)=(x I~((”+1))/K(Nr2)
TOEN{L) =Y (LY (NFT)) LY (N E2) R ' :
ALl SYNIOL (X1(1),Y]g[),HThICHAR,C.Q,‘1)

L. DY 2 =2,
-4 CALL b'lﬁu)u(\1(I),Y1(I),HT I(.HA%O 0,

Ny,

WES) (N .. NG
END ‘ : ' \

o, B

’ oot el - - ‘

This routits calculates a- ;cld of - 1K**2*D|

Methoad o[',qlcuLatloW depends on’ region in .con l,A ‘vlane. | Fhe thrao
< I A .

rethodsare: 1. ntﬁgrdtlan aqwcabcuLat d.oy J.otcdulling 0

2o Asyaptonic €L S100 48 glven-on, page 130 of Stix, oy
.o o Powar bLElC; xpan 10n 4s given on page 178 ot 5tpx.
. - _‘r'

”oﬂphgx*g LHPLX L _ v

: A, 3 ax,":,x DbQRT ' .

v~“L kPLL(1L1,191),EP1"1(JLSO),"B F2(515H
'UA_MALE\LL,(E‘PLT(1,1),F9Lf1),(LL)LL(1 51y , PLT))

A—2.0DO . ) ) ‘ : )
AUAKZ10.0 : s S L

BASE=WMAX/100.0 o . x : '

WPITE(7,8)

oy _RSRMAT('1*L'_-fRR/HPE-_ | WL/WPE ... ALPHA L oBera
~ 1 FUNCTION. TUABSs 1/AL5' //) . :

DO 1 11=1,101

2y

HE IGHT. -



b0, 2 d2=1,101 , ’
Wi =BASE* (L1-1)
© ALAEDASE* (12-1) ) , R - A
e AERRA (T 46 13562%K) . n PR
3=WL/ (1.4 1U4213562%K) S e
XRAU= DJOhr(A'*2¢u**2) o ' o
W= o SR : i
CUIF(XEAD.LT.2.8). TO‘B ' S
2, Y TON 4 > -

CIF(BSLT
CGALL TN
GUUTY 5 _
SCALL EAPANTA,
TS0 oo s .
CALLUIAS YD (A, B, P, K)
CONRTINUE : :
?NLT(I{,I1)4CADS(P) ) R L - N o
KLRE=RVO0/F0LT (12,11) e ' - ) o
'f((((w>/>)tL) wl,I’).uua.(( 11/L)*2).Nn.11)) o e
Wi I PE (T 7)) WK WL, A, B, F,FPLT (12 L1),xer ¢
A\)m.nf(“ D 2 (DTS 1K, DT 3, ),~(~10 3,1%,£E10, 3 3&))
SONTINUE T

N2
Ivi(A, B

B, P, K), ‘ ) Jsl

—

. CONTINUE . . R . ’ T
CWHITE(4) FPLT ' ' ’ R
WELLE (W) FPPLT2 : y R
5T0P o o o, .. E A
CENDT . L e . : »
SUBRGUTINE IHTG(A,B, F,K) - SRR T JE
COMPLEX™Y £, CA0LX - . T = o
REAL=G A, 5, % (10, k(1U),INT1 INT2,V1,F:,F1M,an}xn3nmz,Aznz N
Fh,B1,0LaP, 0C0OS,DSIN™ : : . : s

DATA X/7. ua:uo7ﬂaasjeoﬁ'u. 737
) -]4JJ]]">11bOU\/I‘_-‘__)‘£97L1 cz

d545675832D¢C 3.;4470410“
LUU54““11100/, : : : :
2435896 20H0-10, 20 obo7g53"3(;._oD 7'41’ 3“”17‘000‘_J)u 1. L
.,)357‘10)#:,3-‘4‘43773"‘2:.‘100 3,2' 4U338b*001b D=~y
'?1(1“7‘55_)20 6, 1.060309 7\’)7(:*3[) 7, .")‘17%0‘)9’273‘) 10
3930NJJ3QD 13/ : ‘“ o

473123565400,1.2360 76215395300 4
053)1.;.},:1.7:5P)f’34_Cf)0584':.£1‘1D‘Q h
17

C )&)l)),‘~' .‘fJCjt):j’.:fiu‘)ng']DO

;
§
.

N~ N
((A(l-A)*v>rd~*>)*“ 564189585«

m L) ER2eLERD RO, %541&958?“‘-‘7, C T
o : K ETeE1M) N .
S R(FZtF2Y, : : oo : .
FNT ;;’D . / DI S ) S -~
:o::?.ova«n' . , ) : o o ) e
AL AR Tl —pRED : - ' : - e ’ .

IF (A )(_.\1:-14‘- ..\ ”L)M‘_s_) 1 ‘J;CDO

;r(\&,kp....rx)C.“,r“) A2U2=~15C.0 D0 -¥ .
Fusds =243, 5&u90770ﬂ»unxv(—A232)*(B*Dcoa(ruz—\vUJl. (ALB2) )y +INT2
T1-A*INT 1 : i ST oo . -

~

. .
- - . . . N



Ju

14
7/@1 =3 o904 907702%DEXD ¢ AAB&)*(A*DCUJ(AU~)*B*DS N(Au;)Ab*Lwry
F= CHPLX%aNuL(kd),bNCL(FI)) * .

RETURN
LND

X~

JJbCMPLX(u.JQ ,1.000) , L
L=DCEPLX (A, (~3)) | . L. _
wIvV=1,000 / - [ .. o : °
3=DCHPLX ¢ 0D00,2:000) ~ ; - | - o : 4

i - .
I . =
! . «

;/(ouoy?*(z+1))*(7&?(2t1~1))~(2.ODQ*4]LJ1))/ULV,-

DIV*(2.0DC*I+1.0DC) ~ T

19 GL (CDABS (51)) WGT/SLGL (1, Co- 3*CDABS(S)3) GO BO 1 )

£€=1.772452851%CDEXD (~(2%%2) ) +2.0DO*I =S . o _ - —
_ A=K 241,009 +I*Z*FO C : o . :

. 4 RETUKN

. END. . -

SUBROUTINE' AJYMP(A,B F,K) S o _ ,

. COMPLEX*1b 2, DcmpLx J,s, CDEXP,PO e ot . - .
LOMPLEX*& F . L e, co . ' »
REAL®8 'A,B,K.. - . L5 X :

e = DC“PLX() oot, 000) Lo .

. Z= DLN?LX(A,(-B}) P

' 3=0.5DC/4+C. ASDC/(Z**J)*C 37500/(2**3)+o 937500/(&**7) . .

v 3, 2ZTFISDO/ (2% *9) | 4 . .

FO=1, 77245;&51*conx9(~(4**2))+2 ODO*J*”

b“K*'4v1.ODO+J*Z*FO,V s

RETURN - IR '

END

o F

-

This rtoutine. makes4a contour map Of data from prev1ouo routiane,
‘\CCOhrR is a Oubrgutxne xn *CbLIB at compmtlng center, U. of . A.

o R . s - .
CREAL A 1“;,1c1),CVAu(1O),Aa1(5050),Au 51Sﬁy,ﬂ1NVAL
INTEGEER /LOP(U) . ’
DATA I0¢s1,1,0 O/ . T
_HDULVALphLEgA(1 1) ,A R1);xA(1,§1),ARZL
RLAD(Y)| ART fae O T
- oEAD (W) VAR2 . C . o e PN
S AINVAL=TN) R - . p : N
- Do 1 1:1! ¢ . - E . . . ] . )
Voot o CVAL(D) sIAMENVAL 0 T . B o - o :
[P CONTINUEV&SE . R : T
\ . XSIZE=10.0 ' o
v .Y'SIZE=10.0 oo . T o .

m=101 ‘ .-z\\\ . o _ B

“



=191 .

NC =10 B A 1

CALL CPLOTS ‘
C CALL VATW.N(0.0,13.74,0.0,10.5)
CALL .PLOT(5.0,5.0G,-3) -
CALL CCONEH(XSIZE,Y IZE,A,M, N, LVAL NC, IOP) o
CALL PLOT(O.C,C.O 999y . o
L sTOP :

END

This routine maxes. a 2-p plot-of data.tron previous rorutine,
GPLTZU 15 a suprputine in *CSLID at computing centor, U, ol A.

0

REAL A(151, 1C1),Ah1(5050),AR2(J1J1),MAXVAL
EQULVALENCE (AT, 1),AR1),(A(1 51),AR2)
RLAD (4) ARrT -

READ (4) AR2 ™

MAXVAL=1.0 .

DO 1 1=1,1C1 .

DO 2 J=1,101 - : o o : .
A(J,I)=1.0/4(J, 1) . :
IF(A(J, 1) . GT.AAXVAL) A (J,I)=HAXVAL

CONTINUE _ : AT

CONTINUE : S

4=101 B . S .

N=101 ' :

N

o CRLL PLOTS ' : - )
C ALL VEFTAIN(C.C, 13 73,0.72, 10 5) S -
. : LALL,PLO {5.0,5.0,-3) / » oo
K=3 '
DIST=5.0
YAWZ330.0

PITCH=30.0 o : L
SIZE=10,0 IR . ;

KODE=0 - o S

MoN=2 L o ‘
SCALE=1.0-,. ° : //

CALL CPLT3D (A, N,H,K,DI5T, YAW, PITCH SIZE KODg, Hu‘,btALL)
CALL PLOT(0%0,0.0,999)

STOP .

END ; s

Thais rth;pe calculates total énergy,ln plasaa frow tape data,

REAL ¢<(1“2),rrs(1c2),L15(102),N§(107), 85 (102
3, TP (172) ,8D(102) ,EB (102),E K(102) ,ET (102 ),Eur(
INTEGEx P,Pd1T. : ) .



J . . ) ‘)()_

C THIS EODUTLNE READS MAG. TAPE AND CALULBLATLES TOLAL PLAGHAA ENERGY.
THRITE(9,1) o o \

1T FORNAT (? f,'ENTER»IX=T Iy TAPE CONTAINS IGFO. FROM NONLLNZAR HEATI
TNQW IX=2 1IF ENV, BREM. ONLY. ENTEKk TAVFE RECORD HO, '/

20, IX 'REC') . . ‘ .
KEAD(5,2) IX,NREC i .
o 2 FORMAT (215)* ' .
=NREC =1 ’ :
IF(I2.8Q0.0 fg TO 3 : ' -
o0 1z 1=1,1% ) '
: READ (3) "

2 CONTLINUE
2 CONTINUE

SO G (4,5),1IX .
4 dEAD(3)T,TF,r0,R,B4,P,RA5,TES,TLi3,N5,VsS,BS,TPs
©00. 101 I=1,P )

101 TES(I)=TES(I)+C. 3333‘*T95(1) N
. BU TO 6
S HEAD(3)T,IF,PO0,R,B2,P, Rdo,TLS le NS ,V35,BS .
k. CCNTIKUE: ' ; . A @
" EBT=C.0 ) : : ' o .
EKT=0.0 . .
ETT=0.0 X
Do B 1=1,p : : ) .
S VS (I)=0.5%(VS(1)+VS(I+1)) v ' .\\\
EbD (L) =0.125% (BS (1) **%2) # (RS (T+1) F*2-0M5 (1) **%2)
SX (L) =2, 0Z2E~2U%NS (L) (VS (1) **2 )*(Pﬂa(1+1)**7— RAS (L) *%x2)
ET(I)=7.54E-12*NS(I)*(LEb(I)*TIJ(I))*(R15(1*1)**’—Pda(l)‘*2)

EBT=EST+EB (1)
ERT=LKT+EK (1) . :
. ZTT=LTT+ETA(I) . : : v ) .
8 CONTINUE ' ' S ’ : /
ENG=LBT+IZIKT+ETT
ARITE(6,20)T : ‘ o
2C FORMAT ('O',*TINE IS',E12.2,! SECS.')
' WRITE(5,Y) ENG,ETT,EBT,EKT S . .
-9 FORMAT(' *,'TOTAL ENERGY = ', ,LE12.5/' ','THERHAL LNERGY = ',E12.5/

T ', MAGNETIC ENERGY = ',E12.5/% ', 'KINETIC LNERGY = *',E12.5)
C Do 10 1I=1,P R ’ Y :
c -ENT(L)—LU(I)»tK(I)+ET(I)- e : : ..
c «EITE(L,11) hWT(L),LT(l),LK(I),LB(I), Ms (1)
C 11 .FCRMKAT{' ',6E15.3)
C ~ 10 CONTINUE
' STOP
END



