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rapid that the lack of ionization equilibrium may produce a soft x-ray

and EUV pulse from the corona .
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1. INTRODUCTION

This dissertation e x a m i n e s  t h e  consequences  of reverse currents that

m ay  be expected to develop in t h e  s o l a r  a tmosphere  in response to the

imposition of a directed stream of energetic (non-thermal) electrons .

The phenomena which indicate t h e  presence of streams of electrons mani-

fest themselves primarily in  t h e  “ f l a s h  phase” of solar flares (Svestka

‘.- t b ). Not a l l  f l a r e s  e x h i b i t  a “ f l a s h  phase ” (Svestka l- ’~ , Swee t i i ,

Sturrock and Coppi 1~ ) and the existence of directed streams of non-

thermal electrons is not universally accepted (Svestka 1~~ ’- , Brow n 1

Bro~~n and Melrose ‘L-~ •\ short historical review is presented (cf. 1.1)

as an attempt to place the phenomena in perspective. Observations that

indicate the presence of energetic electrons in the solar atmosphere are

revie~ ed and the inti’oduction concludes w i t h  a short summary of our

present theoretical understanding of the flai’e process .

I n  Chapter 2 the objections to unneutralized electron beams and

previous work on reverse currents are summarized and a steady state model

of a stream of energetic electrons neutralized by a reverse current is

developed . In Chapter 3 the model is modified to include time dependence

for a restricted case. The results of Chapters 2 and 3 are summarized

in Chapter -~~ and possible extensions of the present work are suggested .

Details of the numerical calculations of Chapters 2 and 3 are discussed

in the appendices .

1.1. Historical Overview

The sun is the closest star to the earth and the only star which we

can presently observe In great detail. Aside from the Intrinsic interest

of solar phenomena, we can hope t h a t  by understanding solar phenomena we

1
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s t i l l  g a i u i  i n s i g h t  i n t o  st h a t  I s  L t k t ’ b v  t o  happen  oui o t l u e t’ s t a t ’ s Li ke t ile’

~tin . I’iit’ s i t u  I ut u t s iu ’m a 1 i~ typo nu ll  it st’tj Uenct’ sI •*r , bui t by  v i  i’t tIe’ sit i t s

5 pos itt on i t is I lie’ b t’i glut e’~~t obl cc t i n  t he ’ sky .  The I nipo i t  ant ’ e s i t  t l it’

s t i l t  t o  111 • ‘ s i l t t ’ ar t  It c ann o t  1)0 ove’ 1 st  a t  i’d . I i i  ( lie l i i i r s n t u t ’ t i on  I s ’  lii s

h ook , l’ho Sti ti . . \ . \‘oung , 1 ~~~~~~~~~~ o n up l i . i s i  .‘ t’s thi s 1) 5 ) 1111 . -
•

It is  I r u l e ’  I rs ’m t h e  it ig lit ’s t po hi t  01’ v i  ott t ho su u i  Is
si l t  b y  su it’ ~‘ I a mu It it ut i t ’  — a s I ug to s 1 .l i’ among n u t  lii ou ts —
I t t s i t i S . t I ’sds  o t  sthu t otu , m os t  lt kt ’t , e ’\c ’ t ’e’st h i m  i n  b r igh t n e s s ,

a g t i l t  t ide ’  ~ i i t t  p 5) 55 01’  . Ut’ is 011 lv .1 pi’ i s.c be ’ in t he lios t ot lien s’ t ’ui

thu t l it’  a 10110 • among t lit ’ s’ouu I It’s s my i’i uud s , i s  nod!’
t ’ n o u u g h i  t o  . u f  I o ct  1 t ’l’rt ’s t i’i .tl sit  1. 1 i i’s i i i  a u t y  soI ls  lb  b e  dog 1’t’e ’

. in t t  h i s  in !  1ut’ui ~~t’ upon t hom u s such  t h a t  i t  i s  h ar d  t o  t i u n t
ho te eii’tI t O  IS , I m e ’ i t  ; i t  1 5 no i’e’ I luau inert’ cout I r o b  ant i  donut  11, 1 not ’ .

t i e’ does tuo t • Li kt’ t he’ tu iti on , s t nip l v  mod i fy a uud sIt ’ t o run l u t e ’  c’s’ u’ t , u i I l

m o l t ’ ot’ I t ’s s I mpo i ’t  an t  a c t  i v  it l os  Upon t lit’ s t i i ’f i i t ’t’ s ’t  t lit’
oar t Ii • b i t t  tie j s  a Imos t tilisti bu t o Is’, i i i  •c m a t  t’ i- i a  I s ense ’, l iii ’
p i ’inue m o v t ’t ’  of b u t ’ w h o l e ,  t o  h i m  ste’ can I r a c o  d i  i’s’ct l v  n e ar  I

L I  ( l it ’  cu te  u’g v In  s o b  vt ’tI i n  ,i i i  pht ’nonue ’ui a , mec ’h a t t i c ’ a I • c beau i s ’ .iI
‘ i t ’  v it ti l . c i i i O t t  III 5 i ’avs  t o t ’  e’Vt ’it ii s i n g  Ic 111011 t It , and ( lie

• t a r t  Ii Steiti Id d i e ’ ; a l l  I t  I t ’ upon i t s  stii ’f,ic ’t’ icould  ce’ t i so .

11w g l’ e ’si t p t’op ontlt ’ 1’ a n c ’o si t ’ I lit ’ t ’ns ’rgy I I t i x  1’ u ’onu t ho s tun  is , t o  b i t t ’

i ’i s I ot  our  kiioss l e’dgs’ , v e ’u’v u t c a  u ’Iy  O s i l i S  t a u t  u, Sui t t lu and (;ot t blob -s .

• I t  is  on l v  i n  t hose pot ’t  ion s  ot  t lit’ e lt ’t ’ t i’Olu i f lgne t  i c spt’c t ru in ts lucr e  ( lit ’

s o l u i t’ ou t pu t is  s ma l l  i ’siett o X I V , X — r a v ’l , in  i n d i v i d u a l speet i ’uh i L i n e s

It , (‘it H auiel NI , and I n  p ar  t i c  it’ t~uui is s ion  ~ t he s o l a r  w i uid , s’ns’ rg t’ tic ’

o 1 t ’c t t’ons and nut ’ l o  il • t h a t  t Lw sttui ’ s out  pu t  t’a r los  s i g u u  I f i c a n t  l v  slut ’  t o

s o l a t ’  a c t i v i t y ,

I ’iie ’ flisis t obvious  n u n u t i  t’s’sttltions ot so l a r  ac t  i v i t y  ai’e sunspots.

Stuuis lio t s lt~hvt ’ bs’t’ui observed t cl t’s co p ica  l i v  stncs’ l~ 11 , short lv  a f t  ci’ I he

i n  veu i t lull of t lit’ t (‘I t’sc’sipt’, ui titt wit ii t lit’ tuta itted OVt’ on itt I’ rs’q tien t 00011 —

si  s in s  s i n c e  f l i t ’ l e n t  times Hz’ay 1111(1 Lcuug hht’ad I - 
-
‘ I . It is not t’ I e’fl I ’

w i u l  oh of fouu t’ mcii , (n 11 leo ; a l l  le t  • Joh ann (hi Idsin i d , ‘l’honias it .i i’u’ i ot or

c lii ’ 1st op lut ’i’ Solid uieu’, at’ t ua I ly  hin ds ’  t he  f i i’s t to le’sc ’opt c observa t ion o t ’
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su n sp o t s  (h i r ay  and Loughhcad 1 4 ) ,  ‘ that  ano the r  m a n i f e s t a t i on  of solar

st c t i v ~~t y , f a c u lac , st tuu ’ c’ observed cut about t he  same t ime Is demonstra ted

by the  t i t l e  of (‘h r i stop he r Schem er ’ s (1 3( ,u ) book , Rosa t’ r s ina  Sive Sol

-
. cx Admi rando F’acu larum and M a c u l a ru m  Fu a rum Pheononueno %‘a r i u s  ( see Eddy

e’t a l .  1. ‘
, ~Ieadows 1. s ‘L ) .  b u t  t he  f i r s t  h a l f  of the  1 ‘th c en tu ry  Schwabe

(I ,2.1~) announced the poss ib le  ex i s tence  of t h e  sunspot  cyc le  w i t h  a per-

iod ui ab out years (“ von u n g e f ah r  ‘L•• J ahr en ” ) .  Wolf  ( 1 ” 2)  la te r

de(Iuced a more accu ra t e  period of ‘LI ,. 1,1,1,1, ± .O ,~o years  or ‘de sor te  que

neuf  periodes equ i v a l e n t  j u s t e n u e n t  a un  sit’c le ” . Wolf  (~ 2 )  also deduced

from e a r l i e r  records - the  ~‘ea rs of sunspot  m i n i m a  back to 1 ~~~ bu t  the

eai ’ l i e r p o r t i o n  of t h i s  h i s t o r i c a l  z ’econs truc t  ion has  been ques t ioned

recen t ly  Edd y ‘L •“ ) .

The f i r s t  recorded o b s e r v a t i o n  of a solar  f l a r e  occurred on September

‘L st , 1, . A r e l a t i v e l y  r a r e  “ w h i te l i ght f l a r e” , v i s i b l e  agains t  the

pho tosphere, was s i m u l t a n e o u s ly  observed by (‘ar r i n g t o n  (l~v ~u ) and

Hodgson (t’-- s ) .  I n  1 • 2  Janssen  ( l~’ ’ )  and L~~ckye r ( ‘Lc~ s) i n d e p e n d e n t ly

discovered t ha t  proru inences cou ld be sects outside eclipse w i t h  a spectro—

scope with a wide entrance slit . Theu’eafter various observers, espe-

c i a l l y  Secchi ( 1,2 ”) made ex tens ive  v i s u a l  observat ions  of the  forms of

t h e  chromosphere and pronuinences us ing t h i s  t echn ique .  Flares in

i n dI v i d u a l  lines were obse”ved q u i t e  o f t e n  from the ‘L $ ’~2 ’ s onward ( see

Young 1’ - “L, I IC? b , c for eai’ly examples ) .  The f i r s t  photographs of f lares

were obtained by Hale ( ‘L~’ 
~

‘) w i t h  a spectrohel iograph of his  own inven-

t i o n  ( H a l e  12 1). I)eslandres (12 u~ ) independent ly  developed a similar

instrument, and the basic principle of the  spect roheliograph was known to

Jaussen ( ‘L H~ 2) who actually cons t ruc t ed  an instrument similar to the

‘~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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spectrohelioscope (~!ilbochau and Stefanik, 1 c~~ ) for observing promi —

nences but abandoited i t  in f a v o r  of a widened spec t roscope s l i t .  The

t)astc principle was independently discovered by Braun, and Lohse attemp-

ted the construction of a spectroheliograph (Hale 1~ u 1 ). The matter of

stho a c t u a l ly  used a “spectroheliog raph” first was the subject of sonic

debate between Deslandres and h ale (t iale 1~~s c  , Deslandres, 1 ) but

th is distinction is generally given to Hale .  In  1 -“- Hale ( i,, s 2 2)  made

the first observation of magnetic fields on the sun, and realized soon

thereafter that magnetic fields, sunspots and flares were intimately

connected (Hale ‘L ‘~‘ s). Because the spectroheliograph took a relatively

long t i m e  to  form an image of the whole sun , the systematic investig a t i o n

of f l a res did not begin u n t i l  t h e  spec t rohelioscope, cons t ruc ted  by Hale

in  1 ~~
‘ (H a le I. ~ t ) ,  was f u l ly  developed ( S m i t h  and Smi th  1 3). The

development  of the  p o l a r i z i n g  monochromat ic  filter (Lyot filter) by

Ohrna n i n  1 ~~~~ ( Ohman 1 s~~- ), i ndependen t ly  of Lyot ’s o r ig ina l  proposal

( L,oyt ~~~~~ Evans i i- . 
~), 

allowed photographs of the ent i re  solar d isk  in

one spectral  l ine  to be made rap id ly .  This type of f i l t e r  is s t i l l

w i d e l y  used in f l a r e  patrol  telescopes and solar observatories.

Jansky ( 1?33) made the  f i r s t  observation of radio emission from an

e x t r a — t e r r e s t r i a l  source. I t  was not un t i l  19142 tha t  Hey (i~~R~) d i s —

covered meter  wavelength  rad ia t ion  from the sun.  At about the same time

Southworth (192 ) discovered cent imeter  wavelength radiat ion from the

sun. Reber ( l ) 2 ~~) made the f i r s t  published report of radio emission

from the sun ; the ear l ier  work was not published due to i ts  association

w i t h  the war e f f o r t .  Appleton (114 - )  published evidence for  radio

emission f rom the sun in the ‘-30 meter wavelength  band . Appleton ’s
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results were based on auuuateur radio operators ’ reports (dating from

~ 
) of “hiss” heard only  d u r i n g  the da yl i g h t  hours  and f r e q u e nt l y

bel’e)re sudden l a d e  outs .  Apple ton  and Hey ( l 4 1~i )  noted t h a t  some radio

• b ur s t s  were associated w i t h  fI , ares. (‘oviusgton ( 1;J~R) f i r s t  reported

microwave burs ts  f rom the sun near the  maximum of solar  cycle 1,2 .

Burn igh t  ( ‘ U t Il ? )  reported the f i r s t  observat ion of X — r a y  emission

f u’om the sun. Burn igh t  ‘ 5 observat ion was inside us ing p lto tographic  f t  in

W i t h  a lum i mum and bei’y 11 luau J’ i i  tot’s f l o w n  in  a captured V2 rocket.

Pe terson and Winkiet ’  (1. 2) made t h e  f i r s t  oi)sei’val, Ion of a f l a r e

el a t e d  impuls ive  X—ray  bun’s t us ing  a ba I looui bou’nc pz’opoi’ t iona I cmiii tel’ .

S 1.2 Review of Observa t ions

The preseutce of enorget ic eicctx’outs in the  solar  at :nlosphei’e is

i n f e r r e d  from i m p u l s i v e  hard X — r ay  but ’s t,s, iunpu 1st ye nit t’ rowave btii ’s ts

and obsei’vntions of energetic  electrons l)y sate 1111 s’s in ea r t h  oi’bi

Im p ul s i v e  nuicrowav e b u r s t s  are rapid enhian con icui ts  of r ad io  f lu x  at

- 
S f requencies g reater  t h a n  1 ( 1 h z .  These imptu l s i v o  cnh auicement s  occuii’

• S s in iu u  it aneous ly  Wi iii iiuipu isive  X — r a y  anti EITV buu ’s I s and o f t en  s h o w  very

s i m i l a r  t ime s t ruc tu re, oven down to t h e  t ’ine a”t n i  Is of the t ime 1n’ofi los

(Peterson and Winklet ’  ‘U) ~I , Kundu ‘U 1, Anderson and W i n k b e t ’  ‘Ui 2 , Kane ’

and Donnel ly  11 (1, dei” ei ter 1I’(’ ’, Sves t ka 1. ) ’(~~) . The Impul s ive  uuili ’ro—

wave burs t s  are genera l ly  a t t r i b u t e d  to gyro—synch ro t ron  r a d i a t i o n  l’rom

electrons wi th  energies grea ter  t i t an 100 keV ( u n i t  and Rainaty ‘U i s ’),

Svestka ‘U) ’( ’~) . The gradual  P°~~t —burs t  tncreflss’s call be in te rpreted  as

thermal  i)rem sst rah lung from the f l ar c—ut ssociat ed  sof t X— i ’ay p ia sn in and

are usuui 1 ly accompanied by u ’n clio cmi ssioui at lowei ’ freque ’nc ies ( Sves tku i

‘U 
~ ( ) . The appa rem t di  so repuuic y bet wt ’c ’ui  I he uitim bt ’ I’ ol’ elec t u’on $ req u I i’e’d
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to produce the impulsive X-ray bursts and the number of electrons required

to produce the impulsive microwave emission (Peterson and Winkler 1~ ))

can be resolved if the deta ils of the microwave emiss ion in the solar

atmosphere are considered (Holt and Ramaty 1,,) — 4, Takakura 1 )12). The

generation and propagation of microwaves in the solar atmosphere during

a solar flare are complicated processes involving the magnetic field

c o n f i g u r a t i o n, ambient plasma dens i ty  and temperature and density and

energy spectrum of the non—thermal electrons (Holt and Ramaty 1 ~

Kruger 1 ‘2, Takakura 1,9 ‘2, Svestka 1,.?- ’- ) .  Therefore, it is difficult to

uuuambiguously infer the number and energy spectrum of the non—therma l

electrons from the observed microwave emission .

In some f l a res, non—thermal  electrons escape into the in terplane-

t a r y  medium and are observed by satellites in earth orbit (Svestka 1 57

Un 1i :’~ ) .  Since the electrons apparen t ly  propagate p r i m a r i l y  along

magne t i c  f i e ld  lines in the interplanetary medium, electrons are observed

pr imar i ly  from f lares  in the western half  of the visible hemisphere of

the sun or from f lares  behind the wes t limb of the sun (Svestka 1)~

Lin 19 ’~ ) .  Lin (l)~~~) conc ludes that there are two d is t inc t  types of

non—re la t iv i s t i c  electron bursts (E < ‘00 key) observed at 1 AU, “pure

electron events ”, tha t  is those not accompanied by energet ic (> 10 mev)

protons, and “mixed events” during which both energetic electrons and

protons are observed . The energy spectra of the “pure electron” events

can be well f i t t ed  between 5 keV and 100 key by a power-law in energy,

dN/dE ~ E ’i’ 
, w i t h  V — 2 .”- , . but exhibit  a rapid steepening at ener- 

I
’

gies above lOt) keV (Lin  1d~’.~) .  On the other hand the typical  spectra of

energetic electrons for  “mixed events” extend smoothly in a power—law 

~~~~~~~~~~~~~
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out to and beyond 10 mev and tend to be somewhat harder (V —. 2.5-2 . )

(Lin iY’2). When impulsive X—ray burs ts are assoc iated wi t h electrons

observed at 1 AU, i0
2-i03 more electrons are required to produce the

impulsive hard X—ray bursts than esc~ape to the interplanetary medium

(Lin and Hudson 14( 1 , Lin 1:):’4).

I t is now generally believed tha t the mechan ism for the product ion

of impuls ive  hard X—ray  burs ts  is brenisstrah lung from electrons sca tter ing

on protons and heavier ions ( Kane ‘L - ) ’~4 , Svestka ‘Li ‘ , Brown i u ’-~ ) .

S Small er impuls ive events general ly  con sist of one or a few spikes w i t h

comparable e—folding r ise and f a l l  t imes of — 10 s (Kane l~~~4, Kane and

Anderson 1? ‘0, Crannell et al. l ’:). Larger events, with total durations

of minutes or tens of minutes, usually have a complex spiky time structure

F ‘ • (Svestka i ’ - , Hoyng et a l .  1-) ’ ). Frost and Dennis ( l y’l)  and Frost

(1)~ 2) have also reported an apparent ly d i s t inc t  non—impulsive non-

thermal hard X—ray component in some larger even ts, a f t e r  the impuls ive

- ‘ i phase of the f l a r e  and possibly associated with a second phase of par t ic le

acceleration. In this  work , we res t r ic t  our a t ten t ion  to the impulsive

• hard X—ray bursts, and assume tha t  both the later “ second phase ” hard

X-rays and the “gradual  components ” in the low energy channels (‘~ “0 key)

of some instruments are dist inct  phenomena.

The spectral informat ion  on impuls ive  hard X-ray bursts is limited,

but most events can be reasonably f i t t e d  to a decreasing power-law in

photon energy between 10-20 key and 100-1 0 keV ( Kane 1072 , Brown 1)’(’ ,

S 
Hoyng 1y(’ ’) . The power-law index is typica l ly  between 2. ” and “ (Kane

19’(1~, Svestka 1-i ’ ) a l though some bursts  have very soft  spectra and

power—law indices as large as 3 have been reported ( Peterson et al .  1) 2 i ) .
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~!~~st  s’V, ’i i t S  show a sot ’ te ’i t i it g  si t’ b itt ’ spt ’t ’t rui n a t  higher euit ’ i ’gt t ’s  Kauts ’

• • 
• ~ v’ s’s t k it 1, 5 ,’ ) . ‘bi t is bend or ‘‘ knee ’’ in  the paws’ u’ — law spot ’ I u’unu

usn a [ l v  Oce’u rs he’ I wt ’ t ’u i  u s ’ st ud ‘4 ‘s kt’\’ I, Bt’owut I - i , , ~ i t ’s t ku 1 -  I ‘ ‘5 htu I I n

soala ’ oven 1 s can os’ ’ti r it s Itt g ii as s 4s keV itrowut ‘L’~ ‘ ‘ ) . St ncr’ thi s ’ high

S 

v lt e t ’gv  cua t - - ot t at’ many inst u ’uu n s ’nt  s Is  h t ’l a n  ‘ i ’s ’ key [ ‘ .g . 080—

Pot t’I’5s)it e t a l .  I~, ) “4 , 050— ‘ h’ i’os t ci ab . 1 at’ x ;o— ’ Kit no a itd

Antic t ’soui l~ ‘ ‘ ‘‘ 4 1 suit ’ Ii a h rca k ( i i  t lie spot ’ t i’tum may  hi ’ p rest ’u i t In  m i a n v

t~i~t~it t s lot ’  w h i t  t’lt no bt ’ t ’ak is i’( ’port ~t l . 1 t Is ohis ’ l ouis I it. ’ t t his’ paws’ i’ —

,asi inns I t Int ten cut Low eneu’gtt’s , at  Lt e ’t ’wis e t Lit ’ t o t  a I X—ray f Itux wou lit

• lion o t t ’  i’ , t ito sit’ Ii’ rin h u t  t t o u t  of t lie’ loss e’iio rg v cut —01 1’ Is ii ii I’ I —

t’ui It be’s’üu~ e’ t he \ - — u ’a~’ out , t s s t  out a t  l ost oni ’ i’g it ’s , ~~, l,o k cV ‘4 1 s ilanu I n  sit i’d

h y I he g t’athu a I t ina s  1 — t hi’ t ’ma 1 conupon eut t in utios t s ’v euut s ( i i  row ii -

~ vt ’st kit ‘4 4 ’  - ‘ 4

A It bough I Ito I itt e’rpret a t  I au at ’ t his’ \ 1’~ lV spec t ruin as Li u’ ,’iuss t t ’nh t  I u u u t g

I corn a uion — t huerma I I .0 , non — Maxwt ’  I L  ian In  i ’ui e ’t ’gy ’) ii 1st i’i but Ion at’

s’let’ t t’ons is w i d e l y  ar’ ’ept ed, Sons’ wat’keu’s advot’at ‘ a t Iteriuuli I I itt ci’ —

pi’e I a t  t o n  f o r  n inny  Input 1st i’s’ X — r a y  bu u’s t s toe s’xanup It’ ( ‘hubh i 1

E ls ’an 1, ’ , (‘ i ’*Iuinel I o f  a l .  I ‘ ‘  ‘ ‘4 and some i’ven t s seem to t’ I t  nu t

oxp oneut t t a t  i’n the ’ i’ t bait a si utg Ic paws’ r — law $ pet ’ t ruin s, K b en ii ‘U) , ’5

cu’anne  L i  et a l .  I ‘ I ‘ “4 H o w e v e r, t h e  spec t en I dat ,u at’s’ pool’, pa il ion ls i t’ by

a t  h i g h e r  ens’i’g i es pt’iniai’i Lv tit le t a count  I ng st  at is I t s ’s ”4 , and I t  I s  not

o Lear that an exponen t t a t  spec t n inu is to  Lm ’ pt’s’ fei’red ovi ’t’ ( no poivet ’—

taws at’ sonic at her t’ou’in fat’ t lie spec t ra , Brown ~,, lo ‘4 lists ttt ’mauis I t’ iut eu

I h iat t any obsei’ved ht a i’d X — r a y  spot ’ t t’tirn cain be produced b a t hie ’t ’iiua

p Lasma w i t  hi at s u i t  cub it’ t empct’at U cc di  M t  t ’ihut  I on In  t his ’ son t’Ot ’ . l t i ’owtt

‘ “4 has a lso  pa in ted out t l i n t  t he cmi t t cii X — rai~’ spot’ t i’un, 1 s u’s t lieu ’
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I n sen s i t i v e  to the source elec t i’out eutei’gy spot’ t rum atid couic hides t h a t  a

power—law electron spectrum is h ot s t r o n g l y  mandated  by the p reseu t t ly

a v a i l a b l e  d a t a .

There arc theore t i ca l  objo c t iou ts  to m u l t i — t h e r m a l  m odels of

S impuls ive  hard X — r a y  bu r s t s  ( Kuthil et ’ ‘ U s ’  ) and models t h a t  produce power

law spec t ra  by superposing d i f f e re t tt  exponen t i al  spectra seem somewhat

cont r ived  to t h i s  a u t h o r  despi te  a s se r t i ou t s  to the c o n t r a r y  by some

workers (e .g. Brown 1’ ‘) , In more recent “ th ierni a 1’’ models of imp u u 1—

si ye hard X—ray but’s ts 
~, 
e.g. Smi 1 Ii and Li I liequi  St 1, )  ‘3), t h e  elect ron

distribution is not expected to be ’ M a x w el l i an .  N e i t h e r the  t h e o r e t i c a l

ob , jec t ioui s  ( Kahle r , ‘LOl’ ’) at’ the lint i ted ob se ’rvat ional  suppoi’t fo r  the rmal

elect roui  d i s t r i bu t ions  (E l can  1.~ 
‘
, 

(‘r annel l  et a l .  ‘L~~ ’ ,’) are re levant

to this type of model.

There is some support , front  observations of impulsive EUV burs ts ,

fo r  the view t h a t  the  impu l s ive  hard  X—i’a y b u r s t s  are produced by non—

t h e r m a l, energetic e lec t rons  stI ’cam ing fi ’ouiu the  corouia to tile chromo—

sphere. Impuls ive  EU%’ bursts have been obsei’ved dii ’ectl y by s a t e l l i t e s

( fat ’  example Kel ley  and Rense 1 , s~~’ , H a l l  1, 5 ‘L)  aut d i nd i r ec t l y  front the

ionospheric e f f e c t s  they produce ( Donnel ly  1’ ‘ s )  . These bui’sts show

close time coincidence w i t h  t hie i tnptuls ive  X — r a y  and microwave bu rst s  and

the t ime profiles closely resemble the  X — r a y  and nuis ’rowave burs ts

( Noyes L ’ )  (~i , Donnelly ‘L s  (~s , Katie and l)onnel ly 1’) ‘1., Kane i )  ‘~s)  , ‘rit e

energy radiated in t h ’  1,0— 1,020 A hand is � 1,0 ~— 1,0 t tune s 1 he energy

r a d i a t e d  in  the  associated i m p u l s i v e  h ard X — r a y  burs t ç f lou tn e l ly  1 ’ 5  ~,

K ane and l)onne I ly 1: si) . ‘i’hti s l.a t to of energy t’sid is ted in t lie EU\ ’ anti

u n  i’d X—ray hands corresponds q Un 1 i t  a I i i’e I y vi t it the e’xpcc ted 1’S t Ia of
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‘ou l oath s’O [list outa  I losses t o  bre iuiss t rub  lung t’nt i ss i  out f’ t’onu a t his’k —

I ai’gs’t hiai’d X—i’ay sot lI’ t ’e ( Koch fluid M a t . ’ IS ‘~~ ‘, Pet l’t)t’i t aui 1 I ‘ 
~ , l) o i iu t t ’  I I

Brown ‘ Ls  ,“ - ) , ‘I’here are I ud to  a t  iou ts  t h a t  t his’ h A y  u’ad tat I Ott OI’I g I —

n s’ t s’s loss l it  the chi’oniosp ht s’ u’s’. ‘l’he d e ut s  I t  y of t lie’ i’I’V s’ns itt I uig u’s’g I ~ u i

can be’ es t lain t est to  be ~ i s ’ cmii “ t ) out t t e l i v  1 , Katie’ it tid I )onitt’ liv

‘l. ‘4 , corrs’spond I ng t a the sal at’ t’hi ’omosphet ’ t ’, am i d t lit ’ I’A’\’ m u ’ s  t s

s’xtttht t (stat is t ie ’ a 1 li mb si at ’keni ug ishi cli i~otu I d ho s’xpet ’ t i’d 11’ l iii ’

u ’ st tl t a t  ton o a ’t g t u i a t r ’s  iii the  (‘hli ’ t ) utuOS h ) h iCl ’ t” Kane ’ aitd h ) o n u t o  I lv 1, ‘t ‘1

I t  i ts uu u g ht I Its ’ OhM s’ 1’i’U t t o u t s  pt’esetit Iv a Vii h u h  [t~ (It) n ot  t ’X c 1 u ( h ( ’  t hI s ’  I ’

I m i t t ’  rpu ’et a t  iouis , t hi s ’ h) i ’ep ouidc u ’nut co at t ’ vi  ds’uit’e s s’t~n ss t o  f a  y o u ’  La u’s’unSs I t’a Ii —

lung t ran t a noui — t  he u’mn I d i s  t i ’ ibut  i out of eutr ’i ’gs’ I it ’ s’l i c  t i’outs a ~- t his ’

son a’ e’c at impu 1st i.e. hars h X — r a y  bu r~ Is  Si’s’s t kit 1. ‘ ‘4

I I ’ t ho s’nus’i’gt’utt X — a ’av spec t i’uns we’ i’s’ k , iowt i  s’xa s ’ I Iv , t h is ’ p ’~’ t u ’u im at

t his’ c u e  u’gs’ t It’ 0 leo t m ’ ons t liii t praiRie o t ito n u t  I a (Ion , a vi ’ i -si  ~ cit  oVt ’ I’ t hi t ’

situ t’cs’, coil Id i ui p r  I ito I p Ic, he t ’ecovot’ed ~ fli’owui 1~’ I “ , ‘t hi s’ t n o  e x t  i’s’uuss ’

approxiniit t b u s  t hisl t at’s’ u suua  I ly  eon sideu ’et l ar t ’  ‘‘ t h i c k — t a r g e t ’’ at i s i ‘‘ t h it m u—

S 

t sti’gc t ‘ ltt’owii 1.~ 
‘ 
‘, Sves t ka 1, ~~,

‘ , Hud sou t  1’ ‘ ‘
‘ ) , I n this’ t iii n— I ii i’get

appt’oxin iat  tout t h e  elec t vans Lose a neg I ,igiblc  amount of e’nou’gv in t his’

It S i~d X— i’ay 5s) t l  I’s’&’ ( i i  t’own ~ - ‘ 
,, $ vest kit ‘L I ” - , Bud soti l~ - ~

‘ s ‘4 . in  l i i i  s

app i ’ox itn at  ion, t lit’ iuut’au i elect con sours’e spec t rum [ 1,. s’, I lie i u t s t  a t i t  au it ’ot m s

SI Vt ’ m ’ sige of th e s’ lee t von energy  s poe t t’unt over t lie etuti It tug vo [unite’

we ig h ted by t u e  backgroun si densl  t y ,  see Br owut 1,’~ ,“ ‘5 1 is , j t us t t his ’ spt’t ’t —

t ’um of accelerated elect eons. In t lie t hi ek—t a i’get appt’ox inn  I t  sui t , t h u  I s

Is not the case. ‘ 
S

I n  t h e  t h u i c k — t a r g e ’ t approximn a t lout , this ’  elec t u’ons lose n i b  t his’t t’

S energy  s,p r im ar i  ly by (‘oulomb caL ltslons ’) in  this ’ sou t’s’t’ u’c gt oui . ~ tit s’t’

U ’
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the niean free path of the more energetic electrons is longer, the energy

spectrum of the electrons averaged over the emitting volume is harder.

If we assume t he dens i ty is un iform in the source, that the electrons

are all streaming downward and that tile accelerated electron energy

spectrum is a fairly steep power-law, t hen t he approx ima te di f ference

between the infer red mean elect ron sourc e spect rum in the th in and

thick—target approximations can be estimated . In this case, since the

mean f ree  pa th  of an electron against Coulomb collisions is approxi-

mately proportional to F~ , the ef fec ti ve sour ce vo lume for electrons

of energy E in the accelerated spectrum is also approximately propor—

tional to I~ . Since the injected spectrum is very steep (by assumption),

once an electron has lost an appreciable fraction of its energy, it no

longer contributes significantly to the emergent X-ray flux . Therefore,

to produce the same power—law index of entergent X-rays the index of the

injec ted electron beam must be ~ greater (a softer injected spectrum)

‘ ‘ I in the thick—target case than in the thin—target approximation . The

preceeding simple analysis neglects beaming effects in tile case the

energetic electron velocity distribution is anisotropic (Petrosian i’’(2,

Brown l- ’
~T’) 

and the exact behavior of tile Coulomb cross section , However,

the conclusion is found to be qualitatively correct in thick—target

models of impulsive hard X-ray bursts for X-ray energies below 100 key

even when a more detailed analysis is performed (Brown i”Ir” , Petrosian

‘L’) ’ 3, Hudson i’)~’~ , Brown ‘U)(’l). Tile more detailed ca lcu la t ions  indicate

that, depending on tile assumptions and model characteristics, thick-

target models require injected electt’on power—law indices —~ l .’ — -~ greater

than thin—target models for the same emergent X—ray spectra,

1~1~
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Soitse’ cis c Iv musts’ Is s a t ’ in put 1st vi ’ \ — r a y  btti ’~ t s s’e)nsltieretl input is Ii’s’

I mi j  c i t  tou t  of the ’  s’nergs’t is’ cii’s’ t t’omis and t his’ suhsoqueit t ds’s’ay of t h t i ’

I napu 1st vi’ lv I iii s’c ted cii ’s’ t cons in  I ho son l’cs’ cog t tnt  ( e’ • g . ‘I’a kaku en a nil

S 
K a I  1. ’ . b u t  I t s  51 un p l e s t  fo rm t h i t s  matte ’ I does h o t  sig i’s’s’ t i l t hi oh)si’i’va—

I i  ot is sI  mis’s ’ t t pr ’d I s ’ t s a 5 Vs I i ’nia  th ’  Lisu i ’dt’iti it g of I lie but t ’s  t spec t l’st

- 
‘ dii ci mig t lie’ di’cav at ’ the lined X— i’s a bun s  t ( nt ’owu i 1 

~
‘ ‘, Pet u’os t a u t  ‘4

tail’ t his’ saint ’  t ’easouu t list t t lie sotu l’s’ s’ it Vt’ u’aged e’nel’g o t t o  clot’ I rout s per’ I ruins

I s  itat’sIe’i’ iii t he’ thi s’k—t a r got  models, I.e’, t his’ low e’its’t’gv elect i’oits loss’

I its’ I i ’  t ’ l t i ’ i’~~~~’ inane l’al) 1st Lv t b a it  t his’ l u g  h i emis ’ l’gv  o 1 c ot  t’o mus . ltrow uu , ‘
: ‘4

tan s Iui t t ’odtmcei,h a mod if ic at  ioui of t lie t us t u a  I s’arotial I input Is i Vt ’  t in  i’d X — i ’av

son l’L ’ s’ t l i n t  rentsuu’ s’s t h i s  psit’t tota l at’  s) l) j (‘5’ 1 iou , hit t I t  i’t ’t~t a I re’s I Its ’

s u s s u a in p t  ion of . aa i  avt ’t’stgt ’ s-sotul ’ s’s’ ds’it si t y I hi a t t Is  e’net’gv ds ’p s ’ui she ’iit

(a  ‘
~~ i’~ 

‘ 
, 

- ‘ . u u’owit , 1 ~~
‘ ‘4 met t I V sa t  s’s l i i i  s as suinpt  i on by i i tv ok i  t ig

n it  cute ’ t’g y t ls ’ps ’ut d e ’u i t  p i t s ’ it ami g  it ’  t h i s  I u ’i h it  I ion j ar  t h is ’ act’s’ Ic en t oil e’ hi’s ’ -—

I t’oiis , ht i  I t his ’ s i m pl t c  it  V of t his ’ at’ Ig I t in i ‘‘cot ’ona I t i’saj i tis oelo 1 Is isis

‘l ’hiis type’ t) f mosie’ I s’an exp lst i i t  t his ” ob se i ’va t i omt  at ’ t m p u u l s l v s ’ X—ra y bursts

I u’om “boh i mid — t  h it ’— I inih ’’ I’ Lanes slits’s’ par t  I suits at’ t he X — i’av son t’ s’ t ’ as’s’

R I gli i i i  t Re s’ot’ona t isuwovet ’ , sins’s’ Luehin d  —t t i e— [111th f I a r t’s a l so  pt’oetue’e’

h Igh s’nergy X—rays, (hits model rotitm i t’es deutsi  t ie ’s  I L 
‘un h I g h

- U ’ s’m n ’4  in  t his’ so [sat ’  atnaospl ts ’ re . I I’ t hits Ws ’l’s’ t his’ s’ut se’ , t iupt i  Isi ye’

X—ra y bitt’s I s  I t’ofli behind—tiis’— llmb flare’s could he’ e’xplatmis ’d by t ht Ie ’k—

stz’gt’t mode’ Is as we ’ll  . Si net ’ t he’ pro dtus ’ t iii’ t his’ I lis t ni t  I silicons itttmhs ’ u’ s i t ’

energet  to  elect  rams itt th e’ SOlii’C t’ 5111(1 bsts’kg round dt ’utst  I V (ls’ t s’t’in t m it ’s  t his’

s’merge nt  X — r a y  f l u x , hhrowut ‘s l’~ ~
) model t’eqtut re’s a minms ’h larget’ iiumnhs’u’

of ent ’rgetis’ (~ ‘ ~‘0 key) elec t u’ouis t hiatt s’qut u’a len t  t h i i s ’k — t  a rgot  mode’ is .

~duii t i otta I I  v, sI mic e unit s I of liii’ cite’ rg u’s’s ides i n  (lie’ low elis’t ’gv e be’s’ I t ’oiis
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w h i c h  encounter only low (temisities (
~ 

i~’ ) , these electrons cannot be

invoked to account for the impulsive EUV bursts wh ich are emitted from

regions where the d e n s i t y  is ~ ls,* cm ’
~ (Donnelly i i ‘~s) and which are

observed simultaneously with impulsive X—i’siy bursts (this is also true

of more recent “therma l” models, e.g. Smith atid Lillis’qnist i s  ‘s) .

Aside from some difficulty in utecountitig for impulsive X—ray bursts

front  b e h i n d — t h e — l i m b  f l a re s, t h i c k — t a r g e t  models for  the  hard X — r a y

burs ts  are at  least not excluded by pt ’s’soit t obsei’vations , Since they

have the  advantage  of also providit ig  the  ettel’gy required for  the impul-

-
~~ sive EU~’ bursts (Donnelly l’s’~ ), i t  seems i’easonable to accept the t h i c k

t a rge t  approximation fol’ the product ion of t h e  hard X — r a y  burs ts .  In

th i s  case, since the t ime for  t h e  electi’ons to lose a l l  the i r  energy is

short compared to the time scale of the impulsive X—ray burst (Brown

1- )  ‘, Petrosian 1”~13) ,  variations in the X—ray flux and spectrum are

a t t r i bu ted  to changes in the çunspecified , c.f. 1.3) acceleration process.

S In the thick—target model the etierg flux of the electron stream

required to produce a specified X—ray flux at 1 AU depends on (a) the

anisotropy of the electi’on velocity distribution, (b) the power—law

index of the X—ray flux and (c) the lowest energ y to which  the  power—law

in energy is assumed to extend for the energetic electi’ons ( Brown i~~~’,

Petrosian 1~)73) . Neglect ing possible boasting of thie bremsstrahlung

radia t ion  (Petroslan l ’) ’3, Brown ilU ) and backscatter from atmosphere

( Langer stu d Pe t rosian i~s ” ~’), we can obtain am i order of magni tude  e s t i—

mate  fo r  t h e  f l u x  of u ion—t l ierm al  electrons at the suit for  nit observed ‘

f lux of X—ray s  at 1 AU. I f  the f l u x  of X—rays  at  sonic energ y E ,~ at

ea r th  is ‘I (photons cm ’ s~~ key 1
), th en th ’ie to t a l  X — r a y  photon f l u x

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~ :,: ~~~~~~
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is ‘U’ ‘a p ) t t )tOn s keV s . Siutce t h e  observed power—la w spectra

at ’ s’ t y p i c a l l y  f a i r ly  steep (Bi ’owui 1 5 , ’- , Svestka 1 5 , ’ -~~) , stoat of the X — i ’ a v s

at  F: are produced by e lec t rons  w i t h t  o tu lv  s l i gh t l y  t t Ig h uet ’ enel’gies .  T h e

t o t a l  e lf ic ieu i s ’ y the r a t io  of b r e tn s s t r ah lung  losses to (,‘oulomb co l l i sl oit a l

bosss ’s)  is ap pi ’ o x i mat e l y  10 E fat ’  a thick—tsai’get hiydz’ogett plasma

( Koch and Mot i . I 5~~~ , p et rc siami  1. ‘
‘~ ) . Thiet ’efore , the t o t a l  n o i i—th i r ’r t i i a l

_ 1 _ 1
elec t  you I’ lux in t h e  sours e above I inns t be ~~ - ‘U” - ‘ “ i’U~ ke\’

ht eview of Flare ‘I’hieories

4 I n  t he  pt ’ect ’eding sr’s’ t ions we h ave d isctussed  Susie of t he  obset’c’ed

-~ p ropet’ties of solar  f ist r e s  as they  r e l a t e  to  the  i n f e r r ed  pt’eseuice of

m io mi—t hierma l elect u’ons in  t lie solar  a tnu osph i e re  during a f lax’e . We h ave

iiot (te ’ t t l t  w i t h  most of t he  dl i’e’t’se pheuomeiia associa ted  cvi t h u  so lar

f l a r e s . Svs’s t ka  I ‘ ‘4 l I s t s  tha i r ty— scu ’cn  “basis’ properties of f l a r e s” .

Wh t s ’ n a l l  the subtopics  fli’C C O L i i it C ( t , Sves tka  ‘s l i s t  c o n t a i n s  more t h a n

o I g h u t v  observat lana 1 aspects  of f 1 stu ’es , W i Ut such a large iisuun b er 01’

properties to be consisieresi , i t  is not surpr is ing thst t a wide vat ’ietv

of f l a r e  theories and models hiave been proposed . Since reviews of f l a r e

theox’ies exist  in t u e  l i t er a t u r e  ~, Su ’estka L ’ ) ”  , Sweet 1 k ‘~), 
tile selec-

t i o n  of theoi’e t i cal  ideas discussed here is only z’epi ’esentatiu’e” and not

exht aus t ive . This discussion of f l ar e  theories is included oti lv to  show

how the  production of non—th es ’mal  electrott  streams f i t s  in  t h e  present

t h e o r e t i c a l  p i c tu mr e  of solar  f la res  and the re fore  no p a r t i c u l a r  model

will be treated in detail.

I t  is tiow wide ly  believed tha t  the  enel’gy released itt solsti’ flares

Is stored in the magne t i c  f i e lds  in the upper solar  atmosphere i, Rust

1) ‘
,
‘
, Svestkn 1~ 

‘ , Sweet i’h ’)) . ‘i’he energ~ whic h  is a v a i l a b l e  i’or

1:5
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release is the excess energy of th e tuoti—potential magnetic field cout -

figuration above the energy in t h e potetitial (current—free) field (Rust

~~ 
‘ ‘
, Svestkn l’s ,“ , Sweet 1 ~ ‘ ‘ s ) . Because the  magne t i c  f i e l d  energy

density Is generally believed to be greater thaut the therma l energy

d e n s i t y  of the plasma in  the upper solat’ atmosphere, the utoti—potential

field configurations nuuu st be n e a r l y  fo rce—free  (cold atid Hoyle 1’

Sturrock l ’ s  ‘~~) . A l th i ough  matt y n o n— p o t e t i t i a l  f i e ld  c o n f i g u r a t i o n s  have

bee n proposed , t h e s e  c o n f i g u r a t i o n s  can be d iv ided  in to  two broad c a t e —

got’ies depend ing on t he’ distribution of currents in  t h e  so la r  a tmosphere

,,Su’estka 1 5 - 

~, Stui’roc k 1 -
~
) . One possibi l i t y  Is a foi ’ce—free configu—

r a t  ion in the form of t w i s t e d  f l u x  tubes  ~ cold and Ho~’ le 1 ~‘, A lf v e n

and (‘ar l qv i s t  I i ‘
, Spi s’eu’ i ) ~’ ‘

~~ Ot’ sheared f i e l d  l ines  (Tanaka and

Nak agawa 1-) ‘~~‘4 . In  t h i s  case t u e  c u r r e n t s  are d i s t r ibu ted  over a large

volume in the atmosphere . The other possibility is t h a t  the field is

l a rge ly  current  — f r e e  w i t  Ii the  cui’reuit concent ra ted  in Ctur t’ ett t sheets

Sweet 1 “, Sy s’ovat sky I ~‘ ‘~ , S tutu ’u ’ock 1At -’~’, Pu’ies t and h leyvaer t s  1’) ‘ s )

.
~ large number of flare models have beeii developed utider the assumption

t h a t  cu r r en t  sheets develop in the solas’ atmosphere as st result of

motions in the photosphere or the emergence of tiew flux (Svestka 1’) ‘-

Sweet 1 i ‘~
‘I .  Barnes and Sturroc k ~, 1” ‘‘) have studied the development of

non-poten t ia l  force-f ree f i e l d s  due to phiotospheric motions and found

t h a t  the stored energy in the f o r c e— f r e e  c o n f i g u r a t i o n  can exceed tha t

of a c o n f i g u r a t i o n  w i t h  a current  sheet .  Tht ey concluded tha t  one possible

sequence of events that wosuld produce a current sheet in the solar atmo-

sphere was the conversion of st more energetic force-free configuration

to a configuration with a sheet, Priest and Heyviterts (Us’ s) examined

1~’~
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the production of a current sheet when new flux enuerges into a pi’e—

existim ig magnetic field eonfiguratloii.

The earliest electromagnetic models of f l a r e s  invoked the production

of non-thiennrl “iecti’ons and i’ealized the importance of electric fields

a t  “ n e u t r a l  p o i n t s” in  t h e  m a g n e t i c  f i e l d  (ciovanel li  1 ~- , 1’ ’ ‘
, 1 ~~~~~~~

hiovIe 1 ‘) . Dungey (I  ‘ “) pointed out thiat , wheii reconnection of

r t a g i t s ’t i c  f i eld  l it ics  occurs , a hW ~’ e lec t r i c  f i e l d  w i l l  be developed iii

t h e  recotinection region ss h i i ch could leach to  acce le ra t ion  of charged

pa r t ic le’s . Ii i  “c u r r e n t  iu t t e i ’ u ’up t io t u  models ~A l f v en  and C~~r l qv i s t  1

elec t r o n s  at ’s’ a cn e  ls’ i’ated by the  D(’ e lec t r ic  f i e l d  t h a t  develops when

t h e  “ i m i d u c t i v e  c i r c u i t ” is ope ned . In models in w h i c h  recotinection

a n i t a  i’s in a c u r r e n t  sheet S turrock 1 ‘
, Friedman and hl amberger I

(‘oppi siiw h Fu ’ ie d lan d  1 1) , some accelera t ion  by a Ix’ e l ec t r i c  f i e l d  at

t h e  n e u t r a l  point  stay occur , but the bulk  of the accelerat ioti  is u s u a l l y

a t  tributech to stochastic acceleration of electrons by high f r equency

electric fields tha t develop dui’ing the recotinection process due to

plasma i n s t a b i l i t i e s  (Stur rock  l ’ s ’s , Smith i ’~ ). It hias proved diffi-

cult to develop a self consistent theoretical model of the rapid

acceleration of the nuniber of electrons required to produce the observed

S 

X—ray flux s Snuith 1 ‘ ‘a,b, Brown and Melrose 1’~ - ‘ ‘). At present, tu e

mechanism by which electrons are accelerated in the impulsive phase of

solar flares is not well understood theoretically (svestka i—)’U).

However, simple cons iderat ions indica te that if the energy stored in the

magne tic f ield is released in the low dens ity  corona, particles can be

expected to acquire energies of i~ -iO.~ keV (St urrock l~’s7s). Fui’thermoi’e,

the ingredients of many possible acceleration niechaiuisms (DC electric

it
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ftc lds, p1 asnia t u r b u l e n ce ’) are’ n a t u r a l  by—pi’odu c t s of nios t processes

wht i  oh release t hue energ y st  o u ’ ’d I n  t he  magne t  I c ti elsi . Therefore,

si mice t here is obse’t’vat I s) ut5a 1 s’v lds ’ncc fat ’ t hus ’ utcce lerat  i on of e lee t rotis

i n  t h e  impuls ive’  phase of f l a r e’s, se w i l l  assume that t h i s  accele ’u ’at iout

dos’s occur even t bough the  e’xac t mccii ~itiI  snu lu st s vet  t o  be s’luc ida t  0(1.

1, , ’
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s’t’F: ,-~1\ ’  S’l’ .\’I ’F ; MOl) FI ,  OF l1h- .-~M iN !) RE\’F: RS }: ( ‘t ’h t l ih : x ’I -

S 
, I Objec t  ions to  I’n neu I i’sa li:cd lk’ams

!‘he si nip ls’s t t h i c k  — t .arg 0 t mode l I at’ t lie px’ sxtuc  t ion of impu ive

\ — r a v  b u u ’ s t s  Is t h i a t  cons ids ’u ’ed by Peti’osian I ‘
~ ) 

. I n  t h i s  model a

he ’ ,t r , s  a t  i ’uici ’get Ic elect i’oits is as st ame ’d t o  propag a t e ’  1’ u’ont I lie cOrOna to

t hus ’ i’ll u’omosphs’re, .\ 11 the e lee t u’oui s a re as stunt ed to  h a  c’s’ t he in  vi’ 1 on i t  I es

ii i  t h is ’ san~c di rect iou smut  11 t hie~ ’ la~ &’ a l l  t h ic i  u ’ enex’gv , a p pr o x i m a t  tug  a

~ OU i’s’ s’ i n  w h i c h  t his ’ e’ite ’i ’ gs’ t Is’ s’ls’i ’t t ’OiiS St  ream clown a nesai’lv cortical

I ’~ag t i e ’ t I i ’ t i e  ld i i  no w i t  Ii snui 11 p i t  cli aug Ii ’s h i t  a an a tmos phis ’re wi thi a

—~i”.a I I ch si  tv  se a l s’ he ig ilt ,, Pet t’osi sin I - ‘
5~~’4 Scvs’i’a I nu t  h ot’s ~ Bi’occn

I , Bi’o~ ii and Mel rose 1, ‘ ‘
, (‘a lga t o  ct a l .  1’ - -

, hlovng 1 - ‘
, hhov ng s’t

at . I ‘- ‘ ~~ have poIn ted  out difficultios ii’ this s”lectron stu’ean u is not

n e ut i ’a l i , ’ed by a l’ec’ei’se c u r r e n t

thrown (‘I - S ‘4 po In ted  out t h i n t  t he  number of e lec t rons  i’equired to

S t t ’eam front t h e  corona t o  t h e  sienser  por t  j ol ts  of the  solat ’  a tnuosphers’

du t’i mig sor e’ lunpu is  i c~ hard N— z’av b ut u’s t s  cc as ; qu a i to  l a rge .  I tideed i t t  sonic

s’ s- c u t s  as large 515 }lovng Ct  i i .  I “ ‘~~, or a l l  t h e  e l ec t rons  in  t h e

~a 1ar a tmosphere  above the  level wha s ’rc  t h e  e lec t  rou t  d e n s i ty  is  ‘U’ “~~~ cm ’~

(Beate n I -
‘ ‘4 . Anothe r  object  Ion to  t lie ex i s t  once of an unneut  ral  i zed

beam is that the magnetic energy t h at  would be stored in  t h i s  beast is

many  orders of m a g n i t u d e  larger  t i t a n  t h e  t o t a l  f l a r e  energy ~, Colgate  et

a l .  - 
‘4 , I f  N is the  t o t a l  miun aber of e lect  l’oiis st reanti tig downward

aye ’ u’ the d u r a t i o n  ¶ s) of tht e impu l s ive  phase , the nua gn i tude ~ emIt ) of

the cui’rent may be estimated front

I ‘
~~ cc ‘ NT ~ ,‘ .1)
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I i  ( its ’ t m ’amt s vi’ u ’se’ t imi d  long it usi iii at I d iin ( ’mti ’4 I O h S  e~f this ’ s t  i’v utn nI ’S’ ol

oa’aha ’  t’ II cm) , slut s’s l imita te ’  oh , this ’ St  nemtg ( I i  I! ( g aniss ) 01’ t hus ’ mug mie ’ t is’

I t o  [ci pt ’sRlUce (I l)V t his’ 5 t i’i ’ani i s g i v e n  l)y

ii - : ‘ ! i~~~ ; (: ‘ .:‘)

amid t im’ t at a I s’iiem’gv U ( e’ m’ g s ) oh’ t h i s  ut a ig mit ’  tic l’io ld auiU\ ’ be’ ost h aiti t s’d

I t ’a)t t a

U — 

~~

— hi~ l( — 1’ H , ~: .

ti-hit c ’ h hi’ ’outios

U c c  ~~~T hI - 1 o~~~ N T H  . ~~, 
- a )

Kaute  and ~mids ’ ,nsomt ( I s ~c 
~
) c’s I t u n a  I c this ’ t o t a l  e’ne t’gy I iuv o [vs ’d iii a

I yp tea 1 s um L i  I [Is u’s’ ( i i  tie ‘ s e egs , I lie t. ins’ se tt l e  i a hi ’ ! s  s , f u e l

l i i i ’  ch um t’ac I e’t ’is I i  s ’ long t h a ss ’a m Is ’ t o  be !.O ‘ cut ti mid I m i i’s’ t’ I rant t hie N — u’ tav

c h a t sa I h i n t  this ’  t o  I s a  I muti u t abe I’ at’ on e ’ u ’ g e’ t Is’ ~ Ion I runs is 1, c ‘ 
. Fat’ t iuese

u’a li mes the above’ fou ’na t t lute ’ leach t 0 i’s t inn los of I 10 1 1 . ,  hI l o

sat t e h I ! U , h”or a Ia rgv event i- his ’ t o t -  ~a 1 1’ la i’s’ t ’ute’ Pg y cs )ti Id he

e’l’ g s, t lie b u g  th  sea Ic 1,c ’s ~ ‘

, t hue c i m a t  r a n t  e’t ’is i t s ’ I j une ’ 1c s ~

aitd t hus ’ t o t  sa l  utumbe r of euu e t’g s’ t, ic elect  m ’on s ~ I , s ~~~ 

a 
i l suy uig e ’t  a l .  1’ I ‘~ )

h ut ( h i t s  s ’Ust ’ I — 1,O~~
’ ’ , h~ I s ’s and ii — l, s 1 

, I’ It ’Ll u ’lv at mau od e I w i t i t ’ii

I ut v o Ivos au umun et ’  I u’a 11 ‘,‘,e’st boamut leads t o  uut a iecept  a b ly  h u gh va hue s of t his ’

magne tic  I’ is’ 1(1 timid niat gm ie i - i s’  oats ’l ’gy  Is su e’ h a u l  ed wi thu t hus ’ henna .

h’rob loins associated Wi thu l iii ’ pi’opag ta t  iota oh ’ lii git ctlt’re ’n I beutnis a I

s ’hutt m’gt ’d psi Pt Ic is’s m i ot  ut ’Ltt rai l  I zed b y at i’evs’t’se’ cum’rs ’ut I h ave hs’e ’it s’~ ti stdt’t ’ t ’c1

it t  at  iia’i ’ c a n t  t ’xts . Al t’ ve ’mu ( l i  ~‘ ) exam l uted I-ito I ti ial t umt .Isum u s on t hus’ pm’opui—

g a l l  ott of e is’s’ t ros t a t  is ’at i ly nosut ra [i’i,ocl u t ighu en i’i’i ’mu t boasts oh ’ t’o I a l l  v i s i t s ’
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charged particles, motivated by an apparent sidereal day variation in

the cosmic ray f l ux (Alfven 1938, Compton and Getting 1935), whi ch

later proved to be spurious (Domman 19714) .  Consider a cylindrically

symmetric, mono-energetic, uniform beam of charged particles moving

th rough a background of opposite charge so distributed that  the charge

density (esu) is everywhere zero. If the beam is infinite in extent

along the syunnuetry axis and has a rad ius of R , th en the magnetic field

as a function of distance from the axis for r � R is

21(r)
B(r) = 

r 
= 2içjr , (2.5)

where 1(r) is the current inside r and j is the current density

(asaumed un i fo rm) . The gyro radius of a charged particle in a magnetic

field is

rg = (2 .0)

-~~ where p is the particle momentum and q is the particle charge.

Consider a test particle of the same charge and mass as the beam part icles

moving in the magnetic field of the beam. Suppose the test particle is

initially at the outer edge of the beam (r=R) and has the same momentum

as the beam particles. We denote by R
A 

the beam radius for which the

gyroradius of this particle in the average field it sees in its trajectory

is equal to the beam radius. For a beast of this radius (RA) , the

S particle will cross the axis of symmetry with its momentum perpendicular

to that of the beam particles. If the radius of the beam is increased,

the particle will cross the symmetry axis with the component of its

momentum opposite in sign from that of the beam particles and its average

20
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velocity ovet’ the tt’uijectoi’y will also be muegative . Clea r ly  inci’easimig

t lie beam u’amdi tis beyond lh
~ 

wi 11 not i mic i’eaise the cu I’re ’ui t . I f we’ t’st i —

state the average magne t i c  f ielsh as 1/: ’ t he  f i e l d  a t  t his’ edge of the

beam, we fluid t h a t  there is a atuax in ium cttri ’ent wh iis ’ht  cami be’ s’arl’i i’d by a

beauut which  satisfies our origiuial assunuptiouts

— 
1A I~~ I~~

l!
~~~~j~

— 
~~

— - -

~~~~

--- .

till

‘i’hiei’efore

i> ’ its,” ~~ S1 :1 q ii ‘ ~‘
‘

htet’e v ‘c’ a n d \ -ç l~ - ‘
‘

‘4 
‘ 

. I~ is (‘a lied t h e  “All ’vemi CUt’rs’Ii t l i u t a l  t ”

or t hue “A I fvon—h ,awsoui csmru ’eiu t I m i  t ” sand I’oi’ elect eons we h ’ hud

-
- ~‘ i ;i 

- - 1~ :~~~‘s \ , ç ” . ‘4

i t t  tug reemen t u s-it ii :11.1 vs ’uu ‘ s (1.’ ‘ a ) nuore t’ igoi’ous (hen i’Ll lion. ‘l iii S i’s’s t i’i c —

tioti is untich store s t r i ngen t  t i t an  t h e  ob ,lect iomis to the  stoi’ed uti agnet Ic

energy. F’or at’s electi’ott energy of ‘Li X) keV, t h e  c tt i ’rents  s’stimate ’ h for

the hy p o t h e t i c a l  small  a mid large events are 10 I~ and 10
’L,,~ 1 :i

respectively. The value of thue  csu t ’rent l i m i t  der ived by A l fv e m i  depends

ouu al l  the o r i g i n a l  assumptions beim u g s a t i s f i ed. A r b i t r a r i l y  large

currents  can in principle be propagated by relaxing the assumptism of

exact electrostatic tietu ti’ahizatiou’s (I.awsoti 1a ’~’~’, ‘l~ ’ .~, i,~t ’ ) ,  t h e

assumption that  the beam is mono—ettei’getic (Bottm’sett 1’i ,~ a), thus ’ assunupt  lout

tha t t h e  current detisi ty ( p a r t i c l e  flux) is ummi form ( H aimumu eu ’ timid Has t sk e t ’

or adding a very strong magmtethc f i e ld  ailong t h e  symnuo t rv axis

‘1~
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(Hamster and hios token 1’)’(O). However, tione of these mechamuisms seetua 
S

p a r t i c u l a r l y  l ikely  to be appl icable  lu ’s solar f l a r e  impuls ive  hard

X—ray bursts, nithotighi some are relevant to particular laboratory experi-

ments .  The simplest  resolutioti  to these objections is th e existence of

a reverse ctuu’rent (ci.

.: Previous Work on Reverse Currents

It  is well  known t h a t  a plasma tends to preserve charge n e u t r a l i ty .

A process which teitds to give an excess posi t ive  or mu ega t ive  charge lit

some region will lead to electric fields us-hich act upon the plasma.

Movement of electrons Ii’s l’espotise to this electric field will them ’s

restore charge n e u t r a l i t y .  Om’se expects t ha t  analogou s process w i l l  also

tem’sd to nuaintain current tieutrality. If an electron beast is sudden ly

introduced into at plasma, a sudden ch ange occurs in th e ntagt’setic f ie ld

sti ’uctuure wh ic h  w i l l  develop induced elec t u’ic f i e ld s  opposing t h e  prisaai ’y

cu r ren t .

Al though interest In beasts of relativistic electrons is not recent

( see for  example Bennett 1’) ,$a, A ll vet’s ‘L ’ 13 ’a) ,  theoret ical  and experimental

‘ work on h u ight  current  r e l a t i v i s t i c  electrom’s beasts was s t imula ted  by the

developnueuut of devices capable of pi’oduciuig i’elativistic electron beasts

w i t h  currents on the order of or greater than the Alfve t ’s—Law son current

S l in t i t  (See for  example Graybi 11 and Nablo ‘L’ )s a ’~ Roberts aitud Beuinett 1- 
~ ~~,

Yonas and Spence 1, ’k~~) ) .  Roberts and Bennet t  ( ‘Loa ’~~) injected a beast of

3. - unev e lect rons  (:~=. ‘a ’ 
~~~~ 

‘
~ 

: ‘
~~ ~ 

) with ’s a beast current of 3000 euntl S

( i  .
~
‘3I A

) In to  a li t tear  pinch w i t h  l’s - . 1~~~~’ ~5H. They found th’sat

S the beam current was nearly comp letely neutralized by a reverse current

in tltc ambient plasma amid th at the ch ange in thue totau l current (measured )

____- ~~ , — ‘ :~~~~~~~ ~~~~~~~~~~~~~ -
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was a veu ’y suiaa l I fr a ct i o m i  of the be amaa cul’l’emi t  • Siiuuh Ica t’ u’s’ssilts have

beet ’s obtained with other experhauiental apparatus (Prono et iii. 1-

-

- 

Ekdaht l et cml . i - a  ‘ a , Goldenba tuna s t  a l .  1’) , ‘~a , KIok et a l .  i a  ‘ - a , Millet’ amid

Ku swa ‘U) ‘,
~~, 

Leviu m e s’t a l .  i - a  ‘i) wh ieui the amaubiet’st plasumaa deuisity was

s ta f f i c h s ’t t t ly  h igh ,

Several t h e o r e t i c a l  muuode Is of euiei’get ic e l e ’t rou ’s  be ’auuas uiet t t i’al h zest

at’ pa r t  I sally mien t ra Ii ‘l,e(h by u’s’ i’s’ Psi’ c’u t’ i ’emu t s in  the  asat) h emi t  ph ai sita st ht~a vt’

been (hs ’vc loped f o r  example  l’ox ami d hts’uiuu s’ t t 1: I ‘
~ , ila itt ia met’ amid Ros ts)kOi’

I ‘ 5 I~ Lee and Sudaii 1’) ‘i , Love [uco and Sustatu ‘U i i, Chu amid hios t oks’i’ 1 - a :3)

Si mice t hese t iteore tic s’s 1 t rca tm eui t  s ~ Es’ priutia r i ly couice’u’ned iii ti’s I hue l u g  hi

en t’rent eneu’get in elect u’on beams t h a t  are typi cii l ly produced in  I suborn —

tory studie’s and not im ’s the e’le’c t rout boasts though t to  be u’ s’spotis lb le lot ’

I m uapu Is i  ye hard X — r a y  b u r s t s , solute’ al the u’essa 1 t s are not u’e lovau i t  to  t lie

so lau ’  I’ lane  east’ , s’ f .  :‘ .3) . ‘I’hue iuaod cls ci test t i’cat c y l i n d r i c a l ly sysulua s’ t —

S 

i’m stono—eui&’rget Ic besants of the type cou ’ssidered by Al fv eu i  ç ci ’ . ~‘ .1) ml l i i

the possible addition of ci u n i f o r n u  u iaa gu ’set ic  f i e l d  atlou ’sg the  synasaet i’y

axis. Whet’s the beast current is ssaall compared to ,
~ 

, then t l’se indt aced

reverse current f lows  p r i m a r i l y  otuts ide t u e  benna c y l i n d e r  z’ ~~ H) whiile

for I the reverse curr eu ’st  is confined to r ~-. H au’sd ti ’se ct i r reui t

n eu t ra l i z a t i on  is local it’s the sense tha t  t h e  ambient electu ’ou ’ss slu’Il’t

with ’s the velocity

V
1 

- Vb , ç:’ , io)

where Vd is the reverse cu r ren t  d r i f t  ve loc i ty ,  V
1 

is the veloc ity al

the beam electrons and atud a
0 

are the beast and plassia e lec t  eon

number dens i t i es  ( Cox and Benuus ’t t  i t  (0) . Depending upon the  sharputess

— -- - - —--------- - -—- 
- 
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of the leading edge of the beast , large ampl i tude  coh’serent plasma oscilla-

tions may be generated by the passage of the beam head (Hammer and

Rostoker 19(0, Cox and Bennett 19 (0, Lee and Sudan 19 -‘1, Chu and Rostoker

‘L -a ’3) . The amplitude of these plasma oscillat ions is ~ (nT)
1 , where

is the plasma frequency ( 15 =(14~ a e’/m ) and T is the rise
p p e e

time of the beam (Lee and Sudan 19(1), These oscillations decay with a

scale length of V ¶ , where 1’ is a phenonuenologica l momentum
b ee ee

relaxation time for the plasma electrons. If the lateral dimension (R)

of the beam is large compared to the electromagnetic skin depth

(\
E

c
~

’ S
P
) , after the plasma oscillations decay the net current will be

-~ E
/R times the beam current. The current of thie beast will be neutral-

ized for a length of V
b
’r (R/\

F
)2 . The theoretical models for mono—

energetic beams are not appropriate for the streams of energetic electrons

that are responsible for impulsive X—ray bursts. We argue in Section 
~
‘ .3

that the beams in solar f l a r e s  w i l l  be current neutralized in steady

s ta te .

:~~.3 Stead y S ta te  Model S

We now examine a simple model for an impulsive X—ray burst. We

consider a vertical flux tube extending from thue corona to the chronto—

sphere and assume that electrons are accelerated at the top of the flux

tube by the development of stochastic electric fields (Stumrock l’)u~a~,

Hal l  and Sturrock i’~~ ’, Newman i’)(3) or by some other mechu am ’sisin ( c f .

Sect ion 1.3 ) . The injection of these electrons down the field toward the

chromosphere then leads to the development of a reverse current both by

the mechanisms considered for mono-energetic beams in l aboratory pla snan s

S (t’ox and Bennett  i -)~’0, h ammer and Rostoker i’)(O, Chin and Rostoker 1’~~’3)

-—— S _ -~~~~~~~~~ 
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and due to an elec t rostatic field due to charge imbu lau ’sces . The strong

tendency of a plasma to u ’emuu a in charge u teu t ra l  impl ie s  t ha t , if a cui’retit

S 
is generated in the plasma that would syst e tu int i c a l ly  v io la t e  ~ , -‘di s~ S

oui t ime  scales muc h greater  th au ’s a plasma peri od (i  • s’ • a not’s— Mill ) cu r r en t ),

- - th ou ’s  t h i s  eurret’st w i l l  generate a u ’seu t ra l i z iu ’sg  secondary u’everse curreu t t

i n  cou it u’ast to thie unoui o—e t ’sei ’get ic beams typ i c ct l 01’ laboratory  expei ’i—

nte ’u t t s , the  St u’eants of energetic’ elect i’oits t h a t  produce i t iupuls ive  X—u’ay

b ur s t s  probably  h ave snuoot l ’s d i s t r i b u t i o t us  in energy. ‘h’l’sis is i n f e r r e d

f u’o auu ob se rva t ions  ( ‘  f .  i. ’) and theou ’et i cal  cons idera t ions I ad hen to it

i s  1 ike [v t i t a t  t h e  nunubet ’ of e lec t rons  does not iu icrease w i t h  emuergy

htI’own atid ~1e 1 i’Oss’ t a , ’ ‘
, Smuu i th u i’s ‘ 5 )  . We consider  below alt energetic ’

ols’c t u’ouu st  m ’ oaiua w i t  ii a dis t u ’ibu t iou ’s of t h i s  t ype, t hia t lust s e lect  i’ouis of

,t II ens’ rg is’s present  . The low omi t ’ u’g y elect eons all ’s’ eons t a u n t  ly merg hag

us- i lb this’ backg u’outtd p 1 asnaa and can buui 1(1 U~~ nba u’ge hu tiba lances . In  t he

S c - sass’ of a m iuomto— otu e t’ gs’tic beast coitshdere d by o th ie r  workers ( for  s’xanaple

( ‘OX and h3enut et t i - a  s ’, Chtu and Has taker ‘U) (3), chict z’gs’ inubalance would only

bti l  Id up a t  t h e  em ’sds of t h e  p lasnia device  s ince thue energet ic  elec t rons

do uiot i i ’steract  w i t h  t h e  plasma s i g i t i f i c a m i t ly  except through t h e  l’evs’rso

‘ ctu t ’i’ct ’st. Ch arge b u i l t  sup at  the  ends of an exper imenta l  plasma column

wou ld eith ’seu’ be coi’sdtucted nu t ay  by ex t e rna l  r e tu rn  paths  or be shielded

from th e bulk of the plasma w i t h i n  a few Deb ye lengths of the ends and

not du’ive z’eveu’ss’ cui’rents in nuos t of t hue volusue of t u e  plasma colu nun.

Love l cuce and Sudan ( i - i  (1) pointed out thi cu t t h e  microscopic pt’ocess

involved In heating the plasnua with reverse currents are equivalent to

heating with currents iuuduced by external fields. However , thie u’everse

csuu’rents avoid thue skin effect lintitation s of currents induced by

- 
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externa l fields. Similarly, sluice charge camu be supplied by the beast i n

t h e  case of so la r  f l at r e s , ch ’sarge inaba lam ’sce s cau i bui ld up w ith in th e  pla sma

and dr ive  re ’veu’se c u r r e n t s .  Alth ’sough ’s  thtese ch’sarge isubalances au ’ise

through ’sout  t h e  plasnua , we cat ’s e s t i iuua u te  t h e  t inue ( T )  required to accuu nu—

la t e  s u f f i c i e n t  ci iargs ’ s epa ra t iomi  fi ’onu t h e  t inue  required to accuniulaite

eu’soug h’s charg e pet’ t iu ’sit  area om’s a pa ’s ’allel  p la te  capaci tor  to produce an

e l ec t r i c  f i e l d  su f f i c i e u ’st to d r i ve  t u e  u ’equired i’evei’se cur reu ’s t .  Thu s

requi i’ed charge sepa t’at iou ’s is relai t ed to  this ’  cur rent  deu’ssi t y by

j~ 
- - , -- , = , -

~~~ c ,‘ , (~
‘ , l t)

alit ’s c

‘
- whtere  ~ is a surface charge deu’ssl ty, ‘1’] is t hue resistivi t , and

is ti’se sut ’sneu tea Ii zed po r th  on of the  beauuu currem ’st deuts it y. Then th’se tinue

to  acetumul at  t o  the requi red ch’sarge is

¶ = — ~
--— --- -- . (:‘ .if)

uu iuu

‘Flue u’atio of unu’setitralized curu’ent ds’nsity t o  tl ’se beast cuirrent deuisity is~

a \
~u’:

’1
~ ~

,cf . :“ .: ‘) so t h a t

‘ (~‘.i$)
-~ ac

- 

“i’) ~ a “La I
) ( h i  ~~~~~ 

, . ‘U t )

This asssumes th’sat the resistivity is the ustual Spitieu’ valtie. If th e

resistivity is “anomalous” the e f f e c t i v e  co l l i s ion  frequ eu ’scy can be of

order the  electu’ouu plasnaa fi’equeiucy ( - ) . Actuall y thu s is au tippet’

• limit , for tu e Btmt’senuau’s instaubility ti’se effective collision frequency is

S — - 1 1  — --- . ‘ 
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as ~ see t hun t t he t hats’ to ac’s’uuttu l a t e ’  chin ego huuuba lances stuf 1’ in he m ’ s t to  di’ i’s’s’

,t lieu t i’a i i;  I mug i’oi’s’ t’se cu rremu t is  short compared t a t I lute snai l os ot
‘l

h u ’ s t e-’i’t ’st

I t ’ t his’ u’m,’shstiv itv is uv rit t s’n
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and the  rat to of t h e chuarge accunnu lat ion tisue to th e t inue the  ctu l ’ r euut

t’s’nua i as neu t u’a I i  zed (~~
) by the  n aech ’sau u issus cou ’ss idered fou’ at mono—

one m’get  in beam a, Cf. :~ .,‘) becomes

H -1‘1• ‘I’ , ) - ,

r 
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so th at the ch’sairge accunuulatiotu time is much ’s shorter  t h a t  the  time the

cuu ’rent would remain  m i e t i t r a h i s ’,ed if no charge imbalance arose im’s the

plasma . For t into scales amid ieng t hu scales of imi te res t  in solar  impuls ive

X — r a y  bui’sts , t hue reverse c u r r e n ts  w i l l  be caused p r in a a r i l y  by charge

sepa z’athoui ~ hloy u’sg and Me l u’ose I a ’ ’ ) . A l s  o~ sincs’ beams of interest for

solat’ i m p u l s i v e  X — r a y  bux’sts are not expected to h ave sharp fronts, th’se

plasma oscillations excited by paissage of thie “beam head” will be of

extrenaely sutuall amplitude and conseqtueut t I of ito great sigu’sificance

~Melu’ose i a  ‘
~
.) .  Therefore, we are justified in comu sider ing a steady

state in which ’s  th ’se beam curreu’st is exactly balatuced by a reverse current

in thue background plassaa. 1”or t h e present (cf. (‘hiapter ‘s), we assume

thu ci t t h’se background plasma cam’s be adequately described by a M axwel l i an

v e l o c i ty  d i s t r i b u t i o n  and use t r a ns p o r t  co e f f i c ieu u t s  based on t h i s

assunu p t ion  (Spt i i. e r  i - k  ,
~
).

We are ’  iu ’sterested in the cast’ it’s w h u i c h  the  pr imary  electron streams

Is composed of h ’sigl ’s—eu ’sei ’gy electrou’ss  w i t h ’ s  cou i s e queuu t ly  long mean f ree

pa ths  in the  tenuous saint ’  coi’ou’sa , h owever , we s ha l l  f iu t d  t h a t  t l ’se

e lec t r ic  field that develops to drive the reverse cui’reu’st aulso decelerates

t his’ elec tron sta’easu (cf. Lovel’ice and Sudan 1-) ‘i). But whet ’s th ’se electrou’s S

euicrgy beconues cosupa rable with ’s h ue thuerusal energy, th’se mean free path ’s

W i l l  be s u f f i c i e n t l y  shuort  th ’sa t  t hue pz’msuai’ y electrou’ss w i l l  merge with ’s

t he  backgro smnd p lasma .  As a simple represeu ’stat ion of th is process, we

ig nat’e col l i s ions  hut d iscussing th ’se prisuary beam btut we assume th iat  at’s
S 

- electron of the  p r imary  beam is absorbed im ’sto t h e  backgi ’ou uud plasma

when i t  is decelerated to zero emu er gy ,  This  approxinu at iom ’s is justified,

It’ thie temperature of t h e  ambiem ’st p lasnta  ts  s u f f i c i e n t l y  low .

—
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If, as a further simplification, we consider a flux tube of uniform

- cross section, we may use the following simple ouue—dimensional form of

th ’se Vlasov equation :

v + ~ 0 , ( 2 . 21 )
S ~s flu ds O v

wh ere s measures length along the tube, v is velocity (along the tube),

- 
f ( s , v) is the velocity distribution function of the prinuary electron

a stream, and ~ is the electrostatic potential.

-
‘ At the top of thie flux tube (s c) , the primary electron stream is

moving with positi ve velocity and electrons that are decelerated to zero

velocity are assuitted to be removed front the beaus. Hence we may w i t h o u t

ambiguity, express f in terms of Y , wh ich is defined by

a 
V = • (~~~ 2)

The initial distribution function may therefore be expressed as

f(0,v) = F(V) . (2.23)

With this i n i t i a l  condition, we f i nd  that  the solut ion of the Vlasov

equation (2 .c l)  is

f ( s , v) = F(Y—4’) . (2.2~)

The current density i s in the pr imary  electron st ream is given by

i
s 

= - f( s, v) v dv , (2.2~)

which may be expressed as 

- .  
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S i it s ’ s’ ~~‘ ~ i l l  provs’ t o  bs ’ ut og a t  i’s’s’ in  t his ’ u ’egiou ’s of i n t e r e s t , i t is

cou ’svei ’siet ’st t o  w r i t s’

~

s-a ct t h a t  Eti usa t lout  ‘ . ‘s I nt iiy 1tC t’s’s’xp t’ s’sSs’(l las

- h”~~x I d x  •

\ts’ h i 5 t v s ’ scout  t h a t  t his’ beast cul’i’eu’st tsi 11 be nearly commupletely uueutralized

by Cu r r e n t s  ii’s t his’ backg rotamisl p1 asuuua , so we u u u ay we  i t s’

p s-a

w hit ’ u’s’ ,~ 
is t lie ses’ouusi a ry cut’  t’e ’uu t I mtduc s’d iii  this’ backg roui’sd plasma . We

hers ’ lisSt iitue t h a t  t his’ ds’tus i t ‘s’ and t eutupet ’a i t ture  are such  t h ’sat  s tay be
‘ p

reprs ’scnts’d b Ohutu ’s la w ,

‘1 -i - t s h-~ S
‘-S — ,

p cls- a

It is conveut ien t  t o  i n t r o d u ce  a h ew tu’sdeps’u’ssleuut variable ~~ to

replace s by the u’elationsh’shp

sis ç:” • 31)
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+ ~~ F(~a) = . (2.32 )

It is convenient to solve this equation for in terms of ~ ,

= x( @) , (2 .~~~3)

rather than vice versa. Equation (2 .3 2 )  becomes

mc
(

dX )
’2 

~~~ = F( Q) , (2.j~)

wh ich’s may be integrated once to give

~~ 

[(~~ =~
- (

~~~
)
~1~ 

~fF(Q ’)d~~’ , (2.3f )

if we assume th at ~ = 0 (4u C) and x = 0 (~ =o) at s = 0 . We f i nd

from Equations (2.28), (2.2 ) and (2 . 3 0)  t h a t

~~ fF@
’)dG ’ •

Hence Equation (2.3~~) becomes

-1

~~
=, 

{JF
~~~~~d~~F] (2 .~~~)

It is now convenient to introduce a specific form for F(Y):

F(~~) = K( ’Y 0+Y)~~ . (2 ,38)
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This is a power-law distribution at high’s energy which flattens at low

energy, with t h’se “knee” characterized by

We introduce the symbol H(’f’,s) for the flux of electrons

(cm
_ 2 ~

_1
) of energy exceediu’sg e~- at the position s

H(~~,s) = + Q( s)) d~~’ • (2.3~)

If thie initial flux is written as ii (~1’) , we f i nd  t ha t

eK -\+ i - -
= 

(‘~ -1)st ~
‘o + 

‘ (2 .40)

so that th’se total particle flux is given by 
S

H C ( C )  = ( V-1)nt ~~ 
. (2.2i)

With the form of Equatiou’s (2.3$) for F(’?) , Equat ion  (2.3’ ~’)

in tegra tes  to give

x(~~) =~~~~~~~ c [ ( ~~~~~ ÷ Q) Y - V
c ] .  (2,2n)

We easily obtain from Equatiouu (2.22) an expression for th’se (negative)

electric potent ia l  ~ in terms of the resistivity weighted distance

measure ~

1/’~

(~
“
~ 

+ çZ~. 
e’ K 

- (2.43)

Hence from Equat ion (2, 3 ’ -) ) ,  we f ind tha t
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whtei ’e g la,Y . Hence we f i nd  f ront Equai thom ’s (2 . ‘ii ) t h at t ~ is

related t o s by

~~~~~ 
- (

~~
‘ - bFs) 

a 

(2 . 0)

tXir nuodel is then completely specified by the ch oice of the coronal

tenupet ’aituui’s’, the coronal 1 deuisi ty, th e cou’omt am I hueat flux, V , his ’ energy

correspouid ittg to ‘f’
s 

autd th’st’ iuujs’cted eutergetic elec trou’s flux . For tlue

coronal pai’ameters, we adopt vatlues typical of th e corouuau above an

a c t i v e  region ( Noyes i’~ (’L) :

‘I’ $ x is ” K

ii - 10 cm 3

F “ 
~ 
‘L(~ eI’g cat

We chuoose ‘t to coi’respouud t o  : ‘ k~ V ; and ws’ ch’soose V 2 .‘ ‘ . ‘rl’se

I rant lout of t hue beam cute i’gy depos I ted autsi t lie t o t a l  eutei ’gy (I epos i t  ccl by

Joule heating between ‘1’ 3 ~ 1-s’
~ K and 1’ $ 

~ ~
L0~ K as a fti t ’sCt is )u ’s

of thue energetic elec tu’ouu fitix are displayed iii Figure ‘.1. For a flare

“s-
area of 10 ‘ cm’ , the energetic e [e ctu ’omu f lt ix  in fe r red  from a large

impuls ive  X — r a y  burs t correspou’sds t o  10
’
~ cnt ’ s

’
~ ( hloyng et i l ,  i’- ’~~~)

Figure ‘.2 illustrates th e energy depositiouu rate due to Joule hueathm ug

as a function of temperature of t h e  atmosph ere for this injected energetic

electron I’ltux . ‘rite oi’dim’sate of Figsti’e 2.:’ is t his’ tunic reqtihrcd to u’aiso

the ambient plasma tempet’autuu’e by 1.0’ K, if t u e plasma we&’a,’ heated at t hue

steady stats’ l’ate. As we will se’s’ (ct’ , ‘hiaupt ot ’ 
~), t his’ hue’ at t ~i’sg rate
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we muuay write the drift velocity in ternus of this’ injected energy flux as

~ (v-I) ‘v]

= n ~E 
(~ + ~~ . (: ‘ . -

For the adopted values V2. ’ aind e’~0 
2 -  keY , we f i n d t h a t  the  r a t i o

of reverse cur ren t  losses to Couloutth coll i s iona l  losses (o) I’or at

beam elec tron withi kinetic energy 2’ keV in thus ’  atdopted cout s tant  h u es u t

flux model atmosphe re is

hi H (V-i) -‘V]

~~ ~~~~~~

‘
‘
~~~~~

‘ 

~~~~~~~~ [i 
+ ~~ ‘~~

_
~;] (

~~~~
)

in h”igure ~
‘ . -

~, the  energy aat w h ic h ~a 1. is p lo t t ed  as a func t ion  of

~,1
t empera tu re  for  severa l values of We see that for any emiergetic

s’lec t rots- f l u x  ws’ have cons j ets’ a’ecl , t hue s’uuergy at wh ich (~osu Lomb col 1 is i otis

sa ve as important as t his’ r evou’ se cul’ l’out losses-a f o r  the  ene rge t i c  e lec t rons

is reasonably lows in d i c a t iu t g  t h a t  snhu ’ aus s t iuu tp t i on  tha t (‘ou louuub c o l l i s i o n s

mu sty be meg Lected is an adequautc  ap pt ’ oxim iu t t t io u u ,
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3. REVERSE CURRENT HEATING

3.1 Generalization of Steady Model to Time Dependent Case

As we have indicated, for the energetic electron fluxes required to

account for the observed X-ray flux by thick—target bremsstrahlung, the

ambient plasma is rapidly heated by the reverse current. The rate at

wh ich the background plasma is heated by the reverse current depends on

the beam current density and the ambient plasma density and temperature.

If the ra tio of V
d 

to the electron thermal velocity (V t,e
= (2kTe

/m
e)
l/2
)

is large enough, the backgrou nd plasma may be unstab le to the grow th of

electrostat ic plasma turbulence which ca n d rama tica lly enhance the plasma

resist ivity and therefore, the reverse current heating rate. For example,

the reverse current will be unstable against the excitation of ion—

acoustic or electrostatic ion—cyclotron turbulence unless for T
e 

and

T
i 

the electron and ion temperatures, respectively, (Kindel and Kennel

1971)

2.5 for T
e 

.1 T. (ion—acoustic turbulence)

.9 for  Te .3 Ti (ion-cyclotron turbulence)

V
d

/V
t,e ~ 

.3 for T
e 

T
i (

ion-cyclotron turbulence)

.1 for Te 3 T~, (ion-cyclotron turbulence)

.05 for T
e 

10 Ti 
(ion-acoustic  turbulence)

Reverse current heating Is a self quenching process. If the reverse

current is stable aga inst the growth of electrostatic turbulence, then,

as the plasma is heated by the reverse current, the resistivity decreases

and the reverse current losses are reduced . If the reverse current is

S unstable to the growth of electrostat ic turbulence, the plasma will be

~4.0
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~
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t o  be ,jtust th u sut wh ich result s-a t’rammt t iut ’  Ohuttis ’ losse’s stu t ’feu’ed b y t h e

u’evet’ss’ cttrz’s’uut amid Is given by

di’ o 
i :”

~~ ‘ mi K ‘

~~~~ 

‘

‘l It . ’ s’ let ’ t rout str ict i am u t s’ttupo rat uu ’es see u’ s’ at~~suut ms’d I a bs’ esiuui I .  lIe shau 11

~ ~t v  nuore au bou I t h u  I s  as sutuupt t out 1st t s’ t ’ . A I s’auc hi t lute s-at  ep t his’ cti u ’ r emi t  at t

e’ac hi spa t in I g m’tsl peti m i t  was oat ls’it la tes t  tu s i  rig E qt ma t lout a,:’. -
~~ . ‘Fhe t i tuis ’

s I  (‘p w au s  u’egtm 1st t ~ et so I It , a  t t his’ h a t  vga’s t s’hiauug e in  t s’uupo rat tub’s’ sit sea t s- ’ gr ist
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poin t was 1~ In one time step. Sluice we hays’ muot foumud an ana ly t i c

- 
solut ion to the time dependent prob lem couisideu’ed here, the constant 

—

hea t f lux  model of t he atmosphere was aban doned in favor  of a more

accurate numerical model which Is discussed in Appendix 13. The spatial

grid spacing was chosen so that for the im s -iti a ti tenuperatui-e profile

(t -O) the temperature change between spatial gr id poin ts was less than

1’~ . The atmosphere was assumed static ; that is, t h e nunuber density (n) -
‘

was held constant in time . The details of thus ’ numerical nuethod s used

are discussed in Appendix A .

We have used the same ‘Y nuid as i t t  C hap te r  2 .  The results

for an injected energetic elec t ron f lux of 1.~~1~s x 1~~ ” sire d i sp layed

in Figure 3.1 while  s imi la r  curves for an injected euuergetis’ electron

f lux  of ‘~.~~“ e 
~ 

101 are displayed imi Figure 3.2 .  Figure 3.3 depicts

the density structure of the model atmosphiei’e. The abscissa, I , of

the figures is integrated miumbel’ density froutu t hus ’ it i ,lectiotu point ,

- 
‘ defined by

S

I(s) n ( s ’)ds ’ , ( 3 , 3)

C’

where n is the total number density (stun of neutral hydrogeuu and

proton density). Because we have used a miumerical model rathuer than

the simple analyt ic  constan t heat f l u x  model, we were not f ree  to choose

the density at the injection poimi t (see Appemid lx B). The initial density

in the adopted model is approximately tw I c e  the demisity in  the constant

heat f lux  model used in Ch apter 2.  Sluice thi s ’ reverse current  heating

rate is proport ional to j’ and iuuvcrsolv proportiona l to density, the

- -  ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~‘~~~~~~~‘
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Figure 3.1, Temperature (T) as a function of Integrated

nunuber dens i ty  ( I )  from the injection point, for  an
1-’

energetic electron number f l u x  of ~~~~ X 10 cnu~~ a

The temperature is displayed before the beam is Injec ted

(t  = 0 s) and for  two times a f t e r  the beam is injected

(t = 1 a and t ~ s).
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Figiure 3.2 Temperature (T) as a function of integrated

number density (i) from thue injection point, for an

energetic electron number flux  of “ . t - ’t’ X 10ll cm 2 ~~~~~~~~

The t empera ture I s displayed before t he beam is injected

(t 0.2” a and t = 1 s).
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S Figure 3.3 NUmber density of neutral and ionized hydrogen

(n) as a function of integrated number density (i) front

the Injection point , Thie model serves only to represent

the gross overall st ructure of the solar a tmosphere above

sun active region (see Appendix B).
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lower energetic elect m’oua I l ax  t’ s a m ’ u ’ c ’spa tud s  x ’ o t u g h u l y  t o  this ’  i n i t i a l  heat ing

rate shown in Figure 2.1

Figure ~~~.
‘ shows the temuapc a’atui’v as -a function of I for two times,

Is and ~s a tci’ this’ imi ,jection of t h u s ’  beam . This’ energetic electron flux

used in the calculation of this’ r e s u l t s  d i sp layed  ii i  F igure  3.2 is fou r

times that used for 1” igtmu ’ s’ ~~~~~~ 
1’ig uz’e ‘ ., disp lays  thie temperature

after .2- s and ls corresponding t o  t he  saute total energy Input as the

curves f or ls auid ~s in  }‘igui’e ~ , l, ‘I ’heruuual conductivity was neglected

in these calculations, but coutiputez’ 1’uns svith therma l conduc t iv i ty

included indicated t h a a t therma l conductivity did not have significant

effects for the shs-oz’t tinue scales ( � a s )  i nvo lved  In here (see Appendix A ) .

3.2 Anomalous Resistivity auid Revei’st’ (‘ui’reus-t Heating Rate

The electrical resi stivity used in the calculations depended on the

reverse current drift velocity as indicated below :

( S  \- ~-‘l ~~~V
I cI - t , I

I ,,
(
~ 

-i- ”~ V ~~“i~~ vS -A d ‘ t , i

where V~ 
~ 

= (2 KT1 
/ m uu~~) 

~~ fat ’  T . t he l out t empera tu re, nu , is the

proton mass , T~~ is the  r e s i s t i v i t y  due to  Coulom b col l is ions  derived

by Spitzer (l~~-2), and is amu anomalous  r e s i s t i v i ty  due to the

presence of electrostatic tou’L-CvC Iati’ou turbulence calculated by lonson

(1- ) ( - ) .  For the purposes of calcuml atluig this’ vailue of the anomalous

r e s i s t i v i t y  we h ave adopted  13 lC’o gauu ss , a reasonable value for the

pre—flare corona. Since see are con sidex’ iuug a f l iux  ttube of constant

cross sect ion, the field is t h e statue fox ’ at l i  va lues of a , thie distance

_ _ _ _ __ _ _ _ __ _ _ _ __ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _  —— 5-—-— ~~~~~~~~~~~~~~~
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f routu t his ’ imu je c  t I out pot mit . h”ou’ (hue’ simm -a l Icr  eite’u’ gs’ I Ic elec t u’ouu 1’ Itux , this’

-‘ u’evs’x’ss’ ctiru’s’uut shrift vs’ b c  i Iv ci Id uuo I s’xcs’&’d t. lit ’ s’ n i t  ica I vu I oe’i I, y tar

t hue amus e ’ I a t  I ’ e let’ I. i’os t a t  I Is ’ I Omi—~ vs lot u’omu turbmu ls’uucc , I mu t h is s’ ass’ this’

I ettmps’m’a ( tu b’s’ of thu s’ ts,’uuttous s’ou’omiau 1, 1)1 ut smuaat was x’a ised hu at I’imc t ar  a t  -- - : -

hut tumos I of t his’ beamu e’aiex’gy was de’pos I I ed itt (Its’ dt’ttss’ pom’t I stub of this’

tttoele’l atmosphict’s’ .

5 
‘l’Iuc [a u’g s’u’ cut s’ l’g e l i e ’ s’Ie’s’ t i’ouu 1,1 ttX , his)WeVC 1’, 5’ auus s’d I hu e ’ re’Vs’ u-se ’

s’tu rrs’mit ci i’ll’ t v e l o c i t y  t o  ex ’e’s’d the ci’ i t  b ai l i’s.’ lad t y fat’ t lie omtse ’t of

c i s’c t u’as t a t  ( t o  ion —s ’ yc lot u’o mu t t u  rh t u I s ’mus ’s’ l i t  t hu e ls)ss’ ds ’mu s It  V Pub’ ( l o u t  01’ t his ’

a I ama ss- split ’ u’s’, u’ ’stm l I t  tug i t t  situ s amue ) mu u a u lotu s m’vs 1st lv i  I v au iu d t in 0 m’d e m’ es- I’ utm ag mu I —

- 
‘, t . tu de I tic l’s’ftss’ im i t hu s ’ ts5’uuap e u’xu in a’s’ iii I lue ’se ’ neg iotus i t t  at u’ s’ I n t l  vol v s h t o r t

I tut u . Shu t s ’s’ (‘aim bottab co I l l s  iouu s were mis’g leo test i mu I huts cal t’tu lot tutu , t hus’

Iis’a I I mu g of I lie sk’t ise m’ pa u - I  I ott ci I ’ t his ’ t a t  ituos p 1w’ x’s’ Is not cat b&’u 1 sit t’d accu —

- a r at I c  Iv  sa t ’ t e u’ I It s ’ f i t’s I fs’w t euu l ,h us  s i t ’ fl t s ’t’s)ttd (also sue’ Ap p s ’mid ix  I!) , Ii ’

s’s) I l l si amus We’ u’s’ tcu lcs ’iu itt(s ) acco iuu t  I l’ar thus ’ I n’ t u tu au u’y s’ Ic’s’ I u’omus fu u t hus’

h estttt , t h e  hi s ’u u t i  tt g of t Iu c ds’utss ’u ’ u’ og tou t s  he last t h u s ’  corona ss’otu hi bs’ m t us ) t ’ s’

ats’su Li ‘cd amu ( i  Iii ghuet’ I cmutps’I’autt iu’ vs wan ld be rs’iu’huod . hlass’t’vt’i’, I lu e ’ss ’

m’ e ’a-amml ts t mudi c am l c t h t a u t situ s ’uue t’g s ’t t s ’ e lec t rout b s ’aumt u mmua a y s i g m u l  l’it’at ut ( lv hus ’ait

t his’ low de n s i tY  Os) m ’ o m u  at I P lasm mt au utatuc Ii imto rs’ m ’aupi d b y I. hu amu wait bsl hs’ o at  Ic u m t au t -  eti

I’ m’oiuu t ’outs his’ vi mug em 1 y this’ s’ I’ l’s’s’ I s es-I ’ I ‘aim I anth co i l  is lotus  out ( hit ’ beui nu

c Ie ’e ’ t u’otus .

‘I’hie’ tiatue’ fa t’  s’ Icc t rout aum usi  I out t cutup s ’ rat ( U  i’s’s I s )  eqtu I [lb m’sa to by

Con lomb col l i s !  ou ts  as ’- ;uimul mug out ly  otis’ specie’s vu thus ’i ’ t bo u t  bat  Ii spec Is’s

atm’ s’ hues ted as we h ave us stunted utuaty ho s’st tiuuau ted a, S p I t  ~‘ ‘  u ’ 1 - -: ‘1 I’ vomit

tat
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h”ou’ this ’ (cutups’ rat t t u u  ‘~
-
~ , dc ’ mt s  I t  I e’a , at m ud t hus ’  I (mute ’  Ss ’ a t  Is’s s’ouus i  ds’red lieu’s’,

(‘aim lamb coil  is i outs at 1 otis’ w i l l  lie ) t s’~~t salt Its hu s’q mis I cbs’s’ t ron amid ion

t entpei’a tiur( ’s . We h i atv c  t auk s ’mu t his ’ o Is’s’ I t’ u m u si t ts l  laui  t e m p e r a t u res  t o  be

s’qua I faa’ ‘onup iut sit i ot ua u  1 c o u t v s ’m u l  eno ’ ltoweve ’u’ , t umi d m u s t , t hueu ’efors ’,

ai de’ m’ s’ss t h e  quest tutu es-f whet Its’s’ sine’ spools’s is prefex ’eui t i ts - I ly  heated .

For t his’ e’ause’ ds’pi c t eel I mu h” i gum u’ s’ ~~. , fat’ svh u i ch i  t hus’ res t lvi C v is

ib i s  I s’ lst si-t lout  1 ~ h’~ t ,‘s’u’ m ’ s’s i s t  I v  I t  y ,  situ y t lie d c c  t u ’outs six’ s’ boa t ed at

l i t ’ s  t • ,-~s’s’oi’d tuig t o  Eqtu ut t tout  . ‘ ) , C lue ’ t ou t s  au ’s’ m u o t  likely to he

h t eat ed  s i g u t i  ficautu t Iv i mu t t mt ’ t u  I t y  s ’mu eu ’ gy  c ’xcliaiuigs ’ sv i t h u  this ’  elec t rons ,  This’

h ue ’s t I s’atp aus ’ i t  v a I I hu e  p h  a ls u u t a t  I s  I hue ’  u’ s’ tot’s’ i’s’siiucs ’d b y at fad ton of fl , st u t d

I Ito ( tune ’s g I vs ’uu  j u t  I” i gut’ s’ . l~ s h uo t u let a tut ip by  be’ i’s’dtuccd l)y at f a c t  or of 1’

‘h’hue ’ a t  tu  a lt  lout i t t  w h u i  cit p Ia suta su t i m  t ’bt m 1 etucs’ d (‘ye lops, as fat’ C he t’ ass’

depict i’d I uu l”tgmuu’ c i .: ’ , I s  couusldc rxthlv i l i um ’ s’ c o t u u p l l c a t t s ’ d . As is’s’ have

I mud Ic al t eu , t hus ’ s’ vi tte’au 1 di’ l i t  u’s’ l as - c- I l  s’ fat ’  t hus’ oti s- a s’ I of e lec t  t’os (attic

I situ ste ’ObIS I I s ’ at’ t o u t  - e vs I ol m ’aut In u’ ht tu  l o u t s ’s’ ( l ( ’h s - ( ’mu ( l  a out t hu s ’  r at  to of t Ito

ehc~ I u’omu ,iu ui l t ou t  I i ’mt ape ’ t’a t i m  t’ os , ~I tus I ss lu s t  I hustpp etu s w l t s ’m u  ( l i t  S ci i’t 1, 1 vs’ t o—

t’tt s- I a ‘x ’ ’oeis’d i s  ma o I i t c h  I i m m u s l e  m’s I t i os l , hu o ws ’ys’ m’

h ’h u ’ a u t o m a t !  su ms ru ’s t a t  Iv I v i v l u t  t ’h t n s’ lu av s ’  aas s uauuo ’ s t  t o  u’cstu I t  I u’ont thus ’

pm ’csouue ’~ u t  u’  loo t. t’os t a i l  t o  I si l t  t Vs l o t  m’ aat  I i i  i ’ l t i m I ‘ i t s ’ u ’ w as  ca lctm I at t. ’d by

omusott 1 ‘a ’
~ i m tu deu ’  t hus ’ stssiltltl)t I e)tt ( l u a t  I Its ’ ( i i  u ’h t t u  lvnt ’e sa tu  a’sits’s by lout

m’s’sou iautu cc it u ’omu de ’uu I tug a, h i ttut u at mud 1 iu u p t ’ s’c’ 1 -  ~ ~~ t imi d ( h i a t t  thus ’  ‘ lee t u ’ouu stud tout

cutups’ m’st I n  m’s’s w ’  m’ s’ eq lus t  I . l’at I m uu ad ‘ss-a o et  t a b ,  L- ‘) , amu t hu s ’ ot hus ’x ’ hu sin d ,

n m a t de  t hus ’ f i t ’ s  I of I his’ss’ ausstumt upt I outs  stu d oat  Iou 1st t ‘d h e a t  I tug m ’a u (S’s of

s’Is ’e ’ I t’ou a aitusi t ons ,  l’iu i ’v t’ ntu d ( l u a u  I t hus’ tout s  a u’ s’ hea t s’d us-inch uut a i’e

l’aup id Iv  I h ia t t  t hu s ’ rh ’s ’ I t ’ o iu s , flu i d lt au p a u s l o p o u t  I (is , 1 - u  - ) hu a t a  s tuba-tcq t ie mu 1 1 v

s -o uts ’ l tuds ’d I lust  I I Ito ( m u s t  a t h i t  I t  Iv la m t ’mu a o f t  w l u e u u  t his’ lo u t  lus ’ su I h u g  huts
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pu’sx’c’s’tiesl to this’ poiuut sit wh ich t h e  iui stab i  11 ty 0 i’its’i’Iomu is ito lomiget’

- sat is!’ j est • 11’ oui ly t his’ I omis si t’s’ his’a ted , t he sit ust t ion wi 11 dl fl’s’ r I ronu

th at depicted ims- h”igurc ‘ .2. ‘t’hue tetuuperattui’e plotted should be litter—

pretest ama t h e lout tentpex’ature (miots ’ tlu sut t h i s safi’ ects this’ calculat lout sit

the exps’c tech s’xs’ i t  a (ion auid ls)uu i -,,at iomi a’ates) amid this’ tints’s g I v eut x’s’ditced

liv a factoa’ of : ‘ fat’ thus ’ sante a’easouu those iuu F’igui’s’ ‘~ l shuould be

reduced if ous-ly t his’ d e c  ti’omus ax’s’ his’at s’d

I t  h ats also b es ’mu suggests’d thua I thus ’ I omu—cy c  lot i ’omu tt .i’btmls ’uic e s u t t u —

4 u - si t c’s , muot by tout x’s’somtautce b x ’osu den lm ug , bu t  by t hue foru itat l out s)f a m p l a i t e a a m u

out the eIs ’ctx ’oui v e l o c i t y  d i st x ’ i b t u ti au i , imu st o s i d , iuu w h i c h  s’stss ’  uto siguui —

t ic  stui t autonta lotus rca isti v i ( v x’s’stu 1 ts a, Papas lopoti los 1~- a ’ 
:) . 11’ ( lil a

hi aappe uus , t lieu as iii thit ’ cacao w i t  h iotut  p l st sut au  turbuls ’mucs ’, out ly t his’ clot’ 1 u’omu s

a a’e h eated at fi i’st , al t  at no to givs’ti appt’oxi,mta (s’ly by c l ass i c a l  m’cs is I I —

vi  I y. Its- thil S case, hioss’evs’a’, Ia a’gei’ elect romi beaiuuu cimu’u’cutt dens it h’s

uttu s t have  bs’s’ti lutvolved to begi ti iii thi  in order for thus ’ reverse on t’reuit

dz ’i f t  ve loci ty  to  has -y e exceeded this ’ c r i t i c a l  ve loc i ty  fox ’ this ’ outset of

Iou t — s vc boti’on t t ux ’btu l euu c s ’. Sl uice ,j is target’ thauu i tt  this ’ case w i t  huo sut

• tux ’bu leuuce , thus ’  c lass ica l  hus ’a t it u g  x’ats ’ is huighier l’ou’ t his  s’at se ,  I f  t his ’

e lee trots-s are hieated stuff ic icuit ly I a ths-is utaus-tuex’, t hus ’ cvi t lest 1 d i’i ft

velocity for this’ outset of iou i— sucou st i c  turbulets-ce w i l l  be exct ’oels ’d . j ut

th at case, this’ electrons will be heated u n t i l  thus’ ci’i tei’iomi b a ’  luist am—

bility Is no longer satisfied, or u n t i l

1 I; ’
V 1 

(‘ , ‘ (k’i’ ‘u n )  , a, ~~
. - )

where I, is this ’ ion souutid speed .
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This tutttei ’ sceuuatrts faa’ vapid i’iect i’omu hieatiuig would apply, fat’

t tt s tance , to an e lectron b eau mu s t r e n g th  equa l to t h a t  ass unued im i I” igurc

~.2 . More precisely,  asat int lu ig the iomu— cyc lo t i ’ on  t t t rb tu leui ce ’  does satu—

ra te  by electron p la t eau  fo i ’mut mut lon , at be anm of th i s  s tu ’ ss -ngt hu wotild resul t

f i r s t  in electi’oui lue ’at t in g gt v s ’t i  aipp a ’oxtuu ate ly by th e result a in h”igurs’

~ .l w i t h  at tituas’ scale i’edumced by a factot’ 01’ about ‘2. Afte’r i’oughuly

.‘s- a , I on— atc at u s t ic  ttui’bu leus -ce would develop, r e s ul t lm i g  l uu rapid h eis t imig

of the elec t a’otis to at f t  list 1 tenuperauttu a’s’ w h i ic h u  uua i y be ’ s’s t m ust test f ront

T - mit ~( / k  - l0~~~ K . (
~~

. r )
e I d  S

S In shioi’t, t he  exact behusavior of the i’autio of t he elec t romi and lout

temperatures is us-at well tmndez’s t ood and c aimumuot be dot s’rmuu i us-ed tel t hs-ou t at

niuc h more de t a i l ed  am i a i ly s i s  thaui  is appi’opz’late lou’ t lie pi’escuut stork .

We have assutuerl t h a t  t h e  e lectron tumid lomi ts’muuperatua’cs are subotut eqtual

as a useful fluid rs ’asotuab be ’ atppx ’oxluit a ( i omu wI  t h u  is h u i c h i  t o  eat  lui aa u t o t his’

mutaugni ttudc of t his’ x’ e’ vs ’a’ss’ s’i at’ r e ’u i t  hen t I uig . ta c l i  sciusseci above’, hiowt ’ve t’,

t empera tu re  e’ m uh us i uu c e tu ue t u  t a-a u tu t as ’hu I at a’gs’ u’ ( hi at t  I h o s e ’  et s’ph s’ I s’d imu F’igu u’s’s , 1.

amid ,~.2 si t’s’ I)ossl b l s s -.
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~- . CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARC H

We have examined a simple model for the production of impulsive hard

X-ray bursts during solar flares . The model involves a beam of energetic

electrons propagating from the corona to the chronuosphere. We have

found that if this beam is to exist, the current carried by the beam

electrons must be neutralized by a reverse current in the background

plasma. The requirement that the reverse current exist has two conse-

quences that have not been previously recognized in the context of this

type of simple model of impulsive hard X-ray bursts. The reverse

current heats the ambient plasma and the electric field that is developed

to drive the reverse current decelerates the primary electrons. Joule

heating by the reverse current is a more effective mechanism for heating

the tenuous coronal plasma than Coulomb collisional losses front the

energetic electrons, because the ohmic losses are caused by thermal

electrons in the reverse current which have muc h shorter mean free pat hs

than do the energetic electrons.

We have found that  the t ime scale for heat ing the ambient pl asma

by reverse currents can be compar able wit h t he t ime scales characteristic

of impulsive X—ray bursts ( Hoyng et sul . 197b). It is possible tha t

thermal bremsstrahlung from t h e  rapidly heated pl asma can account for a

significant portion of the observed impulsive X-ray f lux . Hence this

mechanism can offer an explanation of the fact that some flares first

produce high—energy X—ray emission near the top of a loop rather than at

the footpoints of the loop (Brueckner 1976). Another important conse-

quence of this process is that, if thermal emission can account for a

substantial f ract ion of the impulsive f l u x  up to —~ ~O key, then the
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muunuber of electrons required to produce th e us-onths-erutual X—ray flux is

greatly reduced (Browus- 1L)fl).

The time scale for heating cain also be short compared to the

louuization times of the plasnia ions and may therefore produce uuous-—

equi libriunu litie—enuisslous- strengths- eus-hancenueuxts of lu tes present in t he

plat suuta spectrum jus t  prior to thu e  rapid heatiuig (Shs -stpiro and Kui lght

l- - ) R ~’) , These non—equllthriunu effects are likely to be observable only

if plasma turbulence develops causing a large enhancement In  the  plasnia

resistivity (Shapi ro and Knight l~-)’(3)

We have made several  s iuuup l ify iuig  assumptiout s  its- order to facilitate

thie calculations presets-ted in Chapters 2 atuid 3. Itt a nuore realistic

model, some or perh aps all of these restrictions could be relsuxed . We

uiow briefly discuss how the relaxation of sonic of these atastituiptions is

likely to change the conclusions we h ave drawus- and suggest possible

extensions of thie work we have preseus-ted iui Chapter 3. We h ave assunued

thiat all the electrons in th e beam are moving in thus ’ saute directiouu , or

equivalently that they Is-ave zero pitch angle. The reverse curreuut

aurises to balance the f l u x  of electrons ims- a giveui directi’ous- due to auiy

sunisotropy in t h e  energetic electron velocity d i s t ri bu t ion . If  t h e

energetic electron velocity dis t r ibut ion is nearly Isotropic, no signi-

ficant reverse current will arise (see for example Snu ith and L il i lequis t

i~ t’~
’
~ ). Even if the distributlout is strongly anisotropic, butt th e

electrons streaming down from t h e  corona to t h e  chux ’onu osph s-s’re hs- suv e us-out-

zero pi tch angles, th e Coulomb collisioutal losses will be euuhtuuutced

relative to reverse current losses sluice the collisional losses are

proportional to the total paths- length of thue eus-ergetlc electrons its- t h e

‘c -i
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atmosphere, while the  reverse s’eut ’t ’ s’m t t  losses ax’ s’ p ropor t ional  to th s-e

average component of the euueu’gs’tlc clectrous- velocity along th e field.

Since the emergetit X-ray spectr tum is u’elattively insensitive to thie angular

distr ibut ion of the energetic  e lec t rou t  veloci t ies  ( Longer and Pe t rosiamu

1977), it is extremely d i f f i cu l t  to  i u u f e r  the reverse cur ren t  d r i f t

velocity from measurements of this ’ X — ~r auy f l u x . A more detat i led discuss iomi

of this and other d i f f i c u l t i e s  its - im ife x ’ x ’iuig the  reverse cur ren t  d r i f t

velocity from X—ray  observat iout s  caui be found elsewh ere ( Ihoyu s-g et u i .

1978) .

We have neglected the  effects of (‘oulouuub collisions on the primary

electrons. As Figure ~ .3 deuitou istx’ 5s-t es , t h is is an adequate approxima—

• tion immediately after thie fltmx of euiex’getic electrouis is initiated ;

however, Coulomb collisiouts become relatively more inuportars-t as the

plasma is heated since th e reverse curreutt losses are i’educed. Until at

s igni f icant  increase in t h e  deu i s it v  of ( lie coronal plasnua is e f fec ted

by the evaporation of ntatei ’i as- l ft-out the  chut’oniospltere , Chumlonub co ll i slou t s

are unl ikely  to be imm u po r t a mu t it t  t h e  upper portions of thie autntosphi s ’r e .

In the lower lying dense u’egiouu s , Cou lomb col li s io tus  w i l l  x’ atpirl lv  donal—

note over reverse current  losses , arni , ais se e’ h usive im s- dic at t ed , a f f e c t

the heating of th is  port io mu of t h u s ’  a tut uo sphuers ’, One extensiomi of t h e

work presented in Chapter 3 t hu s u t sh ou ld provide a d d i t i o n a l  iuts ig hit i t s -to

the behavior of energetic elec tr omus  i t t  t his ’ solar atuno sphuem ’e thur ing  f laures

would be to perform a c a l c u l a u t i o m u  s iu t u i  Ia i’ to t hs - su t we h ave pu’s’sented , butt

include the ef fec ts  of Coulouttu co l l i s ions  and a d is ta ’thu t ious-  of p i t ch

angles for the energetic ele ct a ’omus .

_____________________ 
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We have us-eglected the rl yn anui cs  of the  backgrouus-d plasma . As we

hiave indicated , thie rapid hs-eatim s-g of the plasma cams- cause a large pres —

sure imbalance. For the restults presented lut Figures 3.1 and 3.: ’, ths -e

• pressure is as- f a c t o r  of 20 h igher  in thie high deus-sity por t ion of ths -e

atmuu osphere ths - auu Iuu t h e low density regions indicating that evaporation

of h igh deus-s i ty  m a t e r i a l  would occuu r if thie dynamics  of t h e  ambien t

p l asu aa  were accouui t ed for . Thu s would not have a large e f f e c t  out ths -e

ca l c u l a t i o n s  presets-t ed In Chapter  3 because the t ime scales considered

• are so shor t.  However , on longer t ime scales mass motions In the atn io—

sphere cotuld hs -ave inupox’tant e f f e c t s .  Previous work w i t h  f l u i d  dyu iamic

nuodel s of solar f l a r e s  ( fo r  exanuple see Kostyuk and P ikel ’ nex’ 1~~ ” - ,

Kos tyuk  1-i , Craig am m d McCly nu ou s-t  1’) ‘a - )  hias not included reverse curremi t
-

‘ losses,  The developun euut of at us -unuer ica l  f l u i d  dyt tamic nuodel of ths -e

solar atmosp h ere hs-eated by a beanu of eus-ea-getic electrouus, iuicludiuig

reverse curreuit losses could provide valuable inforntation as-bout ths-e

formation of the quasi—thernual soft X—ray plasma thuat is produced duriu s-g

solar flares .

We have uiot calculated either th e radiation from th e heated plasma

- 
or the bremmstrahs-lung front ths-e energetic electrous-s, Sims-ce almost sill

ths-e i n fo rmat ion  we us-ow Is-ave amid are likely to accumulate its- th e fore-

seeable future about solar flares conies from thue observatious- of the

emitted raudiation, it would be useful to calculate thue enuitted x’adIatiouu

front any realistic model to ascertain to what degree it resembles the

solar atmosphere dur ing a f l a r e .

More realistic models than th ose we Is-ave considered ths-at include

the effects of Coulomb ccl [is ions , th e dynamics of the backgrouuud plasuutau , S

- ~~~~~~~~~ i~2- S
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at reasouuaub le nisaguiet I s ’ f i t ’  b el s ’ Ott f I ~ ~u m a t  I i  omi , rod i at t tout aus-d t huer u aai 1 coms-duc —

tious are miecossu i’ y to ai cCs ) Umt t  Ues-i ’  (1w compl ica ted  phets-omeuua t ha t  tire

observed imu so last’ I [a i’s’s . hhos e eves- ’, aim s- ’ s t iu dy of thus ’  revet ’s c c u r r e n t

amid this ’  lieu t iui g i t  cau u  cause  I m ush ie ’a i t c’s t I s - a u t  reverse curi ’euits cain p l a y

aims- ituupoi’taiuit x’a Isa, sat [cats t I mu I he i multi al I s-eat imu g of t hus ’ solar p lasnua

dturiuig a f lat’s’,
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Appendix A

NUMERICAL AND COMPUTATIONAL METHODS

As we have indicated in Chapter 3, the results for the time depen- 
S

dent case are calcul ated by using the steady state results for the

current as a function of distance from the injection point and calcula-

t ing the change in temperature from a suitab ly discret ized form of

equation (3.2). In reality, the calculation is done for the more

general case of partially ionized hydrogen. Since the reverse current

heat ing calcul ation is only accura te in the tenuous high temperature

port ion of the atmosphere, this generalization did not have a substan—
- 

t ial  ef fect  on the results of the calculation. However, the manner in

which the part ial ionizat ion is inclu ded could in principle be accurate

in any astrophysical plasma that is s u f f i c i e n t l y  tenuou s that the gas

is opt ically th in to its own radia t ion, photo—excitat ion and ionization

are unimportant and collisional de—excitation can be ignored . The

ionization state of the plasma is therm a fuus-ction of temperature only

provided non—equilibrium e f f ec t s  can be ignored . The only elements in

astrophysical plasmas that are sufficiently abundant for their ioniza— S

tion potential to affect the heat capacity of the gas are hydrogen and

helium. Only hydrogen is included in the present calculation, but since

the effects of part ial Ion izat ion on t he heat capac ity  are included via

a pretabulated interpolation table (discussed below) the effects of

helium could be included wi th  only minor  modif icat ion. The modi f ied

version of equation (3 .2)  ac tua l ly  solved numer ica l ly  is

_____________  ___________  _______  
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where T
E 

Is defined by

T
E = + x ) T  ÷ 

~ E1o~ 
, (~~.2)

w hs-ere X (T) is thue fraction of the hydrogen nuclei t ha t  are ionized an d

is this’ ionization potential of hydrogeus-. That is, the thermal

energy contemut of the plasma per cubic centimeter is

ETH 
= ms-k T

E ( ‘~~~)

The temperature is obtaimied front  T via  th ìe in te rpola t ion  tables nue n —

tiomued above, and i t  is obvious tI-m at  thue inclusion of hu e llunu only  in—

veilves ca ic tu la t ing  a diffez ’et s-t  in te rpola t ion  table .  In  f si c t  we have

included only hs-ydrogen auid used the expression giveus- by Moore and Fung

(1 ‘:~) for  x ( T )  :

X(T)  (i + 10 ’ ’~ ~ e ~~~~~ + in 5 )~~ _ 1/ 3])

- where ~- =1- ~3C~0/t .  Then T is implicitly defined as a function of T
E

by Equations (A .3 )  and (A.~~) .

Spitzer gives the resistivity of a hs-ydrogen plasma as:

in A , ~~~~~

v~hs-ere .\ is defined by 
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so t h a t  ~~t’ may ~ r l t s ’  -‘ U s

~ _s , 1  ‘ ‘ I  1 1 1 - -

U ’ ‘1’~~~~~~~) ’, ’ ius - ’1’ -- ---- l t i X — - - — lms - mt ] ‘I’~~~~-~~~’~~~~l 0 k

- 

[~ ms - T - 
~~- in  

~~ 
— ~~

- i t s -  T � 1~ .2 X 10 k

(•~~~ )

Therefore, r , cami be wl’itteus- as a su mu sa of at fu n c t i o m i  of T on ly  as-nd a

func t ion  of T only t imes lu i ( n )

- = ‘1’L~ i’) -
~ TM( ‘i’) iu u ~ n) , (A.  8)

where

i~~~~3l T~~~ ’ [v: ’ In ‘I’ -- its - T � ~~~ x 10 ’k

TL(T)

T~~~~~ {lmt ‘h’ - 1 m m  ‘1’ a- .2 x 1 0 k

and

~ 

- 01 —~~~~
‘- - -

I - - ‘ ‘1’ 
~
- . ‘ x 10 k

m(T)  - (A .lo)

I ’ T h .:’ x 10 k

The calculation of ths-e cturm’eus-t ~~~~ a fumnct lous- or  d i s t a n c e  depeuids

only on the r e s i s t i v i t y  weighs - ted  di a t  amm i ce  nme as su i ’e  ~ . I n  Chs-apter fl we

were able to wu’ite tin a u m s - a u l y t i c  expl ’s’ssiout  fo x’ ~ as a func t i oui  of s
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btmt imu this’ present caasc  t his’ resistivity varies with tinme. Thus’ valtue of S

at  this’ ith i grid point is asppt’oxiniated by

S -

+ ~ - 

~~ -i ) ~ (A .ll)

tels-em’s’ sumpes’scripts m’efer to tiut ue steps and stmbscripts refer to spatial

i f  I
-~ - gZ’i(I poiuits, and . So louig ama t lte reverse cui ’rent dx ’i f t  ve loc i ty

is less thuau t u t hus’ e’rlticai i velocity fox’ thus ’ onset of ioui cyc iot rotu  tu x ’buu —

b euice , (lie c a u l c u l a t i ou u  of F’,~ im i t hs-i s tta sut tt ier is s t r a i gh t f o r w a r d , How-

e’ Vt’ t’, se hems - the  backg roum u d p 1 ai smuma is t mui a  t a b l e  t o  t hie g x’ow t hi of b u s -  eve Ia—

t rout t u rbulcuice , thte  s i t t u su t ious -  is sou umew h at more contpl icated . In th u s

s a ss s’ t his ’ v at  bu me of d s’pend s out t Its’ cii x’x’ent, and at t rauis cet idems- ta i l

e q u a t i o m s -  nuu st  bc’ aolv s ’eI  to  f i t i d  f rom E q u a t i o ns  (:~‘. ~
- ) ,  ~f l A - ) )  and

t hus’ t’cstu it f or  atuontal Ions Z ’ t ’S 1st l vi  ty ( li me to ioui cyc iotx ’on turbu leu ice

S 
~ iots-sout L- ‘

~ - )

~~~~~~~ ~c ~~~~~~~ pI~~~ 
- l3V 1 I ‘d~ ‘

se-here (eB ’m 1
c) amid - -as- c’ - u n )

1 
, we f lu id  t hat  is

def ined  i m p l i c i t  Lv by

(~~-1)mc ~
‘
~

‘ C 
+ 

(~~-1)mc [!‘~ ÷ 
~~ j -l 

~ ~~~~ ~~ i 
-

1 ‘-~~ [ ( ~~-i) ’y]

-
~ .Ck (~;) 

- 
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where cJ~ /enX~ and 13 ~~ . If we define G(J~) by

1 1

2 2 -I e N  V V e K  j  j  3
÷ 

(V—1)usc 
‘
~o 

+ (‘y — ’L)m c ~ j —i + ( ‘T1~~~ 
+ ~‘i 5 ) (S

i 
— s

11)/2

÷ 
( f l~~

\
1/2 

B (s~ - 
~~~~~~~~~~~ (~ - 

v~1
e n ix\~~

2n X’~ cJ3 /1 ~ (A.1i
~)

then when G(J3)=O , J~ sa t i s f i e s  Equa tion (A.13) . When the curre nt

calculated neglecting anomalous resistivity corresponds to a drift velo-

city that is greater titan , we t ake aui i n i t i a l  estinuate for J’? ,

j ’~~~ : 
t 

-

= —! e n , , (A. 1- a)
i C i i  -

and refine this estimate by application of Newton ’s method to Equation

(A.1l
~), Examination of Equation (A,13)  shows t h a t  Newton ’s method wi l l

always converge for this  initial estintate and tls-e convergence is usually

reasonably rapid, i. s’. u sua l ly  t3 or fewer iterations are required .

The functions needed for thue calculation [IL, TM, X and the iits-pli—

citly defined T(T
E)] 

are evaluated by cubic interpolation on pretabula—

ted tables. The method used is dependent on the architecture of the

IBM ,3b0—370 series computers and the internal representation of double

precision floating point numbers used on these machines. The use of

pretabulated functions is considerably faster than calls to the FORTRAN

library routines that would otherwise be necessary . This is particularly

true in the case of the implicitly defined function T(TE) 
which would

L__
__

_
__

__ 
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is suff ic ient ly  fast that interpolation would be slower for the calcula—

tion of the square root alone. However , since the weights must be cal-

culated for TL, X , TM as-nd TE, interpolat ion is fas ter  than a call to 
S

“I3SQRT” because the weights are ef fec t ive ly  “free” for this calculation.

The semi-logarithmic tabulation scheme allows interpolation from

T-!~.096 x 10~ K to o.710 x 10’
~ K withs - a maximum relative displacement

from a value of T for which the funct ion is tabulated of 3% with

only 820 table entries . In fact  some of the 820 entries are never used

due to the nature of the signed magnitude normalized representation of

floating point numbers on these mac hines, bu t the reason for us ing th is

sort of tabulation scheme is tha t  a reasonably large range can be

covered with relatively few table entries, and the correct tabulated

values can be accessed extremely rapidly .

Listings of two main programs and several subrou tines are provided

for the sake of completeness. A ll of the time consuming routines is-ave

been hand coded in assembly language. Routines thuat perform initial-

ization and diagnostic functiomus as well  as the main progranu are coded

in FORTRAN. The first main program produces the tables thuat are required

for the cubic interpolatious-. The second main program reads in the inter-

polation tables, model parameters atud starting values. The starting

values used initially are from the steady state model atmosphs-ere described

briefly in Appendix B.

The assembly language programs calculate the current at eacis - spatial

grid point (CURCAL), calculate the change in temperature at each point

and determine the time step (TESTP) and write out the array s at the

designated intervals (TOUT). In addition thue calculation of tile current

(~~2
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t, (‘UR(’A[.) I’cchtu i x’s’s t muki uig this’ —
~~ V —1_) ‘V power of at miunuber, whi chu if dots-c

ceithu FORTRAN library routimue s would requIre  tak imig  thu e n a t u r a l  bogai ’ithna

stuud cxpouuemu t i at i mug . Hot Is- t hue II bm’a ry rout lutes “DhAX2’ timid “ DEXP ” a i’e

a lows’ r I hiami “l)SQRT” so mi m i sia a emtub 1 y 1 atugtuage rout I us-c w a s -s w r i t t e n  t Is-ti t

c.i teem l5u ts’s this ’ 3 ‘ ‘ pose-i ’m’ es - I  at tiummube x’ ( F$ -), t hue rout inc is called by

‘ t’IW ~lL, . ‘h ’hie seubrout iuue  l) IAG is used prluuari ly for moms-i toring the per—

fo ru tuamic e  of t Is-c muuode I d tmrimi g prog m’ atna cIs-amigs ’s amid subsequent debugging

I mi pm’o dtmct ioui m ’umi s it cou Id be m’ep laced vi thu si subrout  i ms-c ( i s - a t  (toes

uuoth utmug ( i .e .  m’s’turuus as soomu as It is cabled ) es-iths-out affecting thu s ’

utodel  c a t l c em l a t i o m i a  ; t iu ers ’fom ’c i t  is muot  rs ’prodemced h ere . T h e  h”ORTRAN

asubprog r , i iams I t i l t  tat 11 zs’ t hus ’ at ri’ay com u lxi i m u imig T~ a,, FIN! T) attid m’extsi I mu this’

a t sau’t iuug ea t  bits ’s I NI ‘I’ a mid 111)11) . ‘I’huc cat l cui a i t  iomi t h a t  iuuc ludes th s-erttua 1

ccs -nd u et  i vi ty w h ic h is referred to I m u t ’hua tpter  3 is miot discussed i t t  detail

lieu’s’. i t t  order  to avoisl umudue r c at r i c t i o u u  out this ’ t l mne s t e p  [ to s a t i s f y

t hu s ’ (‘oura tmut  — I”r le ct u ’ichus —Ls ’wy comu di t to m i — ace Richutnuye i ’ amid i~1ortomi (l~k - DI ,

t his ’ nue t huod employed is i m p l i c i t  amid requires  this ’ i ts-ver sion of a t r i d i a —

gouua l  n u a t r i x  (d inuemislon $ t t - )  amid is rx t th ier  slow . Remus - s w i t h  th i s  progranu

imid ica t ed  thueruu ai i com s- ductiout  d id  not chit ut uge thu s ’ resul ts  s u b s t a n t i a l l y

so tIs-ese routius-es aure not reproduced Is-crc . 
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ThIS PAO~E IS BEST QUALt TY PRACfl~4)2
F1~O.M co~~ FURNISHED TO DDC

T A B U L A T I O N  R O U T I N E

IMPL ICIT REAL* 8 (A-H,O-Z)
C
C THIS PROGRAM C A L C U L A T E S  SEMI~~L O G A R IT H M I C  T A B L E S  NEEDED FOR
C CALCULATION OF REVERSE CURRENT HEATING WITH RESISTIVITY THAT

- , C I S  A F U N C T I O N  OF T H E  D R I F T  V E L O C I T Y .
C
C THE TABLES ARE W R I T T E N  OUT TO L O G I C A L  UNIT 9
C

REAL*8 TL (820),Trl (820) ,VITH (820) ,CHIN (82O ),CINV (564)
REAL 18 DTO/Z4310000000000000/ ,TBO/Z4410 0I1000000U000/,

, K A Y / 1 .3 8 0 5 4 0 — 1 6 , , E C / 4 , 8 0 2 9 8 0 — 1 0 / , M H / 1 , 6 7 5 3 0 S 9 0 - 2 4 / ,
.P I ,Z4 13243F t ~A 888 5A31 / , MP/ 1 .67 2 5 2 D - 2 4 / , ME/9 .  1090 - 28/ .
, H BAR , 1 .O 5 4 5 O 0 — 2 7 / , M U , E I O N , O N E 3 / Z C 0 5 5 5 5 5 5 5 5 5 5 5 5 5 5 ~’ ,
C/2. 9979250 10/ , CS IG. LSI G . K32. CKAP , LN S I. LNS2 . DCON , BETA. PSI
l N T E G E R ~ 4 LIM (4)/242. 2 4 2 ,  2 4 2 .  51/

9001 FORr’~AT (1OA8 )
C
C C A L C U L A T E  C O N S T A N T S
C

MU~~(ME~ MP) / ( M E~ MP)
E I O N ~~(11U*EC*s4)/(2, DO~ HBAR”2)

-~ T I 0N~~(2, D0~ E ION)/( 3. DO~ KA Y )
C S I G ~~0 . 500
K 32~ KAY OSQRT C KAY )
C S I G ~~(O.5D 01CSI G 1DSQRT (CS IG sM E)~~EC ’~EC$C )/K32L S I G~~(3 .oo’~K32)/(2 .DO1cciEC -Ecs--osQRT (p I ))
C V I T H ~ 2,D 0’-169,DO~ KAY/MP
CCH IN Z 1 , 5~ K A Y
LN S 1 ~DL 0G (LSI G)LNS2 :DLOG (LSIG S4, 205)
DCON~~l .D0/(4.5D5’i.5~ D5)C

C CALC TABLES : ELECTR I CAL CONI s -UCT IV ITY (TL,TM ), CR IT ICA L
C VELOCITY (V ITH ~~13.) A ND INVERSE IONIZATION FRACTION (CHIN ),
C

DT~ DT O
TO~ T BO
DO 20 I I ~~1.4K~~( 25E~~( I l— i )  )+ 1

L~ K4’L iM ( II )
T~~T0— DT00 10 J~ K .L

B E T A~~1 5805/T
P SI~~4.5D5/ (BETA ”DEXP (BETA )~~(.428SDO+ .5DO~-DLOG (BETA ) S

+ . 4 6 9 S 0 0 ~~B E T A ~~~O N E 3 ) )
V I T l - l ( J )~~0 S Q R T  ( C V I  T l I * T  )
C I i IN (J )~~C C I h I N ’  ( 1 ,  DO +PS I )/ PSI
C H I ~~PSI/ (1,DU+ PS I )
IF (T,GT . 4,2 05)GOTO 5
TM(J) :CSIO/(T’$DS QRT (T) )
TL(J) :TM(J)i (LHSI+1 ,5ts-0~ U1OG (T)— . 500tDLOG (CHI))
G O T O  10

5 Tt’1(J)~~CSlG/(T ‘DS QRT (T ) )
TL (J)~~TM(J)~~(LNS2+OL 0G (T)— . 50O~~D L 0 G (C H I  ) )

10 T~ T+0T
T O:T O~ 16. DO

20 DT~~DT*16 .0O
C
C CALCULATE TABLES FOR CHI INVERSE ((1+Ct II )~~T+C HI ’T I ON AS FUNC OF 1)
C

TNEW :TBO—DTO
UT 0T 0
TOZTBO
00 40 h!~~1.3K~~( 2 56~~( Il—I ) )+ 1

64
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L : K + I I M ( I I + 1)
T~ TO—DT
DO 30 .3~ K.LTCH 4 , D- I6 tT NEW

25 TOLD~~T N EU
BETA : 1. 580 5/TOLD
C BE TA ~ D EXP C BETA )
B13~ B E T A * * O N E 3
T E M P 1~~O .4288DO+O .5DO*DLOG (B (TA)4 .469800tB13
PSI~ 4.5D5/ (BETA+EBETA *TEMP 1) S

C~~P S I / ( 1 . D O + P S I )
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

( 1, D0+B ETA ) *
- T ErIPI + (.500- . 15660O~~B13))T N E I J ~ TOLD— ( (1.D0+C )+TOLD+C ~ TION’ T )/(l.0O4’C4’

(TOL 0+TION)~~0C)IF (OABS (TNEW—TOLD ),GT.TCH)GOT0 25
CINV (J )~~T N E W

30 T~ T+OT
T O~ TO~~16.DO40 D T~ DTt16 .DO

C
C WRITE OUT TABLES
C

L’RITE (9.900flTL
- - WRITE (9.9001 )TM
— ‘ WRITE (9.9001 )VITH

WR ITE (9.9001 )CHIN
WRITC (9.9001 )CINV
S T O P
END

‘

I
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THIS PAGE IS BEST ~UALITY P ACTIC~~~~

~~~~ co~’i FURNl~ HJ~D TO DDC ,,..... .~~
—

REVERSE CURRENT HEAT ING MAIN ROUTINE

IMP L IC IT  REAL * 8  ( A — H , O — Z )
C
C THIS PROGRAM CALCULA TES REVERSE CURRENT HEATING OF A MODEL
C ATMOSP HERE READ IN AS UP TO 1024 VALUES OF TEMPERATURE CT ) NUMBER
C DENSITY (N) AND O ISTANCE CS ) FROM THE INJECTION POINT (TOP OF
C MODEL. T H E  P R O G R A M D O E S  N O T  HA V E TO S T A R T  AT T I M E  0 (I N JE C T I O N
C TIME ) AS THE CURRENT TIME , TIME STEP AND ITERATIONS TO THIS POINT
C ARE READ IN ALSO , T H E  P R O G R A M  R E A D S  I N  T H E  M A X I M U M  N U M B E R  O F
C ITERATIONS TO BE PERFORMED (NITER) , THE ENERGETIC ELE CTRON NUMBER
C FLUX ((FLUX). PSIO IJH ICH CORRESPONDS TO AN ENERGY CHARACTERISTIC
C OF A LOW ENERGY KNEE IN THE ENERGETIC ELECTRON DISTRIBL ITION
C (SEE KNIGHT AND STURROCK 1977) FRAC , THE MAXIMUM PERCENTAGE
C CHANGE IN THE THERMAL ENERGY CONTENT Or THE PLASMA PER HYDROGEN
C NUCLEUS ALLO WED AT ANY GRID POINT IN ONE TIME STEP, TIMMAX
C THE MAXIMU M TIME FOR THIS RUN (REAL TIME NOT COM PUTER TIME ) AND
C OTOUT , THE INTER VAL AT 1-UH ICH THE ARRA YS CONTAINING THE TEMPERATURE
C AND CURRENT DE hSITY AS WELL AS THE CURRENT TIME AND TIME STEP ,
C
C CAL LED SUBROUTINES :
C
C INIT — READS IN STARTING VALUES OF DENSITY, TEMPERATURE AND

- 
- 

- C DISTANCE AS WELL AS TIME , TIME STEP AND NUMBER OR PREVIOUS
C ITERAT iONS.
C
C EIN IT — CALCULATES INITIAL TE DEFINED AS (1+CHI )T+2 ~ EION /3~-K FOR
C EAC H SPATIAL GRID POINT , ENERGY INPUT INCREASES TE
C A N D  I IS  C A L C U L A T E D  F R O M  C H I N V .
C
C NOUT — W R I T E S  OUT D E N S I T Y  A N D  D I S T A N C E  A R R A Y S  AS W E L L  AS I N P U T
C PARAMETERS (TO FORTRAN LOGICAL U N I T  9)
C
C C U R I N T  — INITIALIZATION FOR CURCAL (SEE CURCAL )
C

S C TESTPI — INITIALIZATION FOR TESTP (SEE TESTP )
L i  C

C CURCAI, — C A L C U L A T E S  C U R R E N T  AS A FU~4 C T I O N  O F D I S T A N C E  U S I N G
C STEADY STATE RESULTS OF KNIGHT AND STI’RROCK AND A
C R E S I S T I V I T Y  T H A T  D E P E N D S  O N T H E  R E V E R S E  C U R R E N T  D R I F T
C VEL OCITY.
C
C TESTP — UPDATES TEMPERATURE AND ADJUSTS TINE INCREMENT SO THAT
C M A X I M U M  CHANGE IN TE AT ONE GRID POINT IS FRAC ”TE AT THE
C G R I D  P O I N T
C
C DIAC — OUTPUTS A SMA LL SUBSET OF THE CALCULATED CURRENT DENSITY

- C AT INTERVALS DETERMINED BY VALUES IT REA DS FR OM LOGICAL I

C UNIT 5 — CAN BE RECOMPILED WITHO U T RECOMPILING T H E  REST
C OF T H E  P R O G R A M S  AS I T  D O E S  N O T  A F F E C T  C A L C U L A T I O N S .
C
C TOUT — W R I T E S  OUT T E M P E R A T U R E  A N D  C U R R E N T  A R R A YS A N D  C U R R E N T
C T I M E , T I M E  S T E P  A N D  I T E R A T I O N S  TO L O G I C A L  U N I T  9
C
C C l O U T  — CLOSES LOGICAL UNIT 9 (I.E. END FILE 9)
C
C
C DECLARE V A R I A B L E S :
C

R EAL’8 K A Y ,  rtE , C. GAM ,NORN, SFST ,  EFLUX ,  PSIO , D T O U T ,
EL. (FACT , NEI4OT
REA L58 T ( 1 0 2 4 ) , N ( 1 0 2 4 ) , J ( 1 O 2 4 ) , S ( 1 0 2 4 ) . O S I G (  1 O 2 4 ) , L N ( 1 0 2 4 ) ,
TE ( 1024) . TUP( 1024) , SOC 1024),
TIC 820) , TM ( 32 0 )  . CNV( 820) , VI TH ( 820) , C INV( 564)
1NTEGER ’~4 IND (2,1024)

5001 FOR MA T (5F7.O)
5002 F O R M A T ( I 7 )
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THI S PAGE 15 BEST ~~AL1TY ’~~~~
F1~)U OOk ’i 1~1.JRNISRED 

TO DDC

900 1 F O R M A T ( 1 0A 8 )
I-
C I N I T I A L I Z E  CONSTANTS :  BOLTZMAN N ’ S  CONSTANT ,  ELECTRON REST MASS,
C E L E C T R O N  CHARG E ( E S U ) ,  * E R G / K E y ,  SPEED OF L IGHT
C

K AY~~1.38O5 4O— 16
ME ~9 , 109 10—27S EL ~~4,8O298D-1OE FA C T ~~1. 602 100-9C r 2 .  997 925 0 10

- C
C READ IN MODEL PARAMETERS
C

- 
, R (AD (5,5002)NITER

REA D ( 5. 5001) El LUX, PSIO. FRAC . I IMNAX , OTOUT
REAO (8.9001)TL
READ( 8.9001)TM S

REA D ( 8.9001)VIIH
READ (8,9 001)CNV
READ(8 .9001)CINV

C
C LIMITS OF INPUT PARAMETERS ARE :
C (FLU X 1. D 1 7 (CM ~ 12 SEC)~- — 1 .  PSIO IN KE y, FRAC IN PERCENT,
C TIMIAX IN SEC (MAXIMUM TIME) ,DTOUT IN SEC (OUTPUT INTERVALS)
C S
C S C A L E  I N P U T  V A R I A B L E S
C

E F L U X
~
EFL UX 5 1,D1 7

PSIO : (PSIOiEFACT )/EL

C 
FRA C ZFRA C SO ,O 1 00

C C A L C U L A T E  C O N S T A N T S  FOR C A L C U L A T I O N  OF C U R R E N T
C

TENP1~~PSTO+ PSIO- 0A1 :2 ,S I 1U
500

T E ~ P TEMP1 -5 DS~ RT(TEM P1)
T E~’P2~ PSIO DSQRT (PSIO )
MORM ~ ((FLUX s-GA~~i 1 - ~ E~~TE MP1)/ELT E M P 1 ~~— (EL~ E L~ NORM )/(GA r1M 1 5ME5C )
J (1)~~TEMP 1/TEMF’2
T E M P 2~ T E M P 2~ P S I O  S

TEM P3~ — GA M~-T Et1 P1
C
C INITIALIZE TI ME AND ITERATIONS
C

NEW0T~ O .DO
IITER :0
T I M ~ O . DO

C
C
C INITIALIZE TEMPERATURE AND DENSITY
C

N T A B ~~1O2 4
CALL INIT (T .N.S.DELT . TIM ,NIT,NTAB)
OUTITIE DTOUT +TIII
N I T E R ~ N IT +NI T E R
I ITER ~ N I T
T (NTAB+ 1) ~T (NTAB)S (NTAB+1 )~~S (NTAB)+(S (NTAB)— S(NTAB—1 ))
CALL EINIT (I. TE .NTAB)

C
C OUTPUT INPUT PARAMETERS AND INITIAL DENSITY AND DISTANCES
C

CALL N O U T ( E F L UX .  PS IO ,  FRAC • TIMMAX .NTAB .N ,S)
C

S C NEED 1/N IN LOOP SO WE CHANGE N TO 1/N AND CALCULATE -

C DIFFERENCES OF’ DISTANCES USED IN TIME STEP.
C

67
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THIS PAGE IS BEST QUALITYPACTIC~~~~
CO~1 FURNISRED TO DDC ~~~~~~~ -

- SrsT~ —S (2)
DO 10 1 1 , N T A B
SD (I)~ (S (L)—SFST)’O.5DO

4 SF ST~ S (I)LN (I)~~0 .5DO’DLOG (NCI ))
10 N (I)~~2.DO/(3.Dt)~ K AY’N (I ))

LN (NTA B+1)~~LN (NTA B )
C
C PASS ADDRESSES OF INT E R P O L A T I O N  TABLES AND OTHER
C CONSTANTS TO CURCAL AND T E S T P
C

CALL CURI N T (TEM P1 ,TEM P2,TEMP 3 .GAM. TL ,TM , V ITH , CMV ,
.N . IN. SD • OS lO , J. T , NTAB )
CALL TESTPI (T .TE ,J .OS IG ,N ,TUP ,DELT ,FRAC .NTAB .C INV )

C
C START TIME STEPPING LOOP
C

I CONTINUE
C
C CALCULATE CURRENT AND R E S I S T I V I T Y  AT EACH GRI D POINT
C

CALL CURCA L (OSIG.J,T .N , LN ,NTAB)
C
C CALCULA TE ONE TIME STEP WORTH OF HEATING , UPDATE TEMPERATURE
C AND ADJUST TIM E STEP ACCORDI NG TO FRAC
C

CALL TESTP (T ,TE ,J .OSI 0.N ,TUP . DELI, FRAC .NT A B , C INV )
C
C WRITE OUT SOME STUFF TO MAKE SURE THINGS ARE WORKING RIGHT
C

CALL DI A G ( S , T , T E , J . O S I G , N , T U P , D E L T . T I M . N T A B ,  l I T E R )
C
C S T E P  T IM E
C

I I T E R ~~I I T E R + 1
1 1(1 ITER .G T .N TTER )G OTO 40
T I M ~ TI M+DELT
IF (T IM .LT.OI IT IME )GOT O 1
O U T I M E ~ O U T I N E +D T OU T

C
C OUTPUT CURRENT VAL U IES OF TIM ,TEMP AND J
C I 

-

CALL TOUT (T IM ,T,J, DELT.IITER.N TAB)
IF (TI II .LT.TI r:; -UAX )GOTO 1

40 C A L L  C T O U T
WRITE (6, ) II TER .DELT
STOP
E N D
SUBROUTINE EIN IT (T.T E ,NTA B )
IMPLICIT REAL ’5 8 (A— H.O— Z )
R EAL * 8 T ( N T A B ) . T E ( N T A B )
REAL t S  K A Y / 1 . 3 8 O 5 4 D — 1 6 / . E C / 4 .8 O 2 9 8 D— 1 O / ,M P/ 1 . 6 7 2 5 2 D — 2 4 / .  

S

,ME/ 9. 109 1D-2 8/ ,
H~ A R/1  , 0 5 4 5 0 0 — 2 7 / , O N E 3/ Z C 0 5 5 5 5 5 5 5 5 5 5 5 5 5 5 / ,

.B E T A .  CH I
T ION~~(ME~ MP)/(M(+MP)I I O N ~~(TION* EC * ~ 4),(2,DO*FlBA R~~ 2)T I O M~~(2,DO ’LTION )/(3,DO*KAY )
D O 10 I :1 ,NTAB

B E T A Z 1 . 58D5/T (I)
C H I ~~4 . 50 5/C BE TA DEXP ( BETA ) ~(. 428800+ . 5DO ~ DLOG ( BETA )

46 93 ‘~ BE TA ONE 3) )
CHI :CHI/ ( 1. OO~ CH I )

10 TE (I)~~T(I )+(CHIt (T (I)+TION ))
RETURN
(NO
SUBROUT INE IN IT  (T , N .  S , D [ L T  , TIrI. N IT .NTA B )
IMPLICIT REAL S (‘~— H , O — Z )
REAL * 8 IC 1024)  ,N( 1024 )  .S(  1024)
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F1WM COPY F N1~ ki.EiJ 1\) iuL)C —

1001 F O R M A T ( 1 0A 8 )
R E A D ( 1 O , 1 0 0 1 ) N T A B . N I T , o ( L T , T I M
CALL RDR (T.N .S, NTAB)
R E T U R N
E N D

- SUBROUTINE R D R ( T . N . S . N T A B )
R E A L~ 8 T(NTAB).S(NTAB) ,N (NTAB)

1001 FORMA T (IOAS )
READ( 1O, 1001 )N

-
, READ (1O ,IO O1 )S

REA D( 1 0,100I)T
1 R E T U R N
1 E N D

j
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THIS PAGE IS BEST QUALITY rRAcrxcAflLz
FROM cOFY FUJ}~NISHEDTODDC 

__ ..-

CUR CAL

C U R C A L  C S E C T

‘I ROUGHLY EQUIVALENT TO THE FORTRAN CODE BELOW. EXCEPT
T H E F U N C T I O N S P A S S E D  I N  T H E  A R G UM E N T  L I S T  O F T H E

* FORTRAN ENTRY POINT Ct ’RINT (TL ,TM.VTH .CNV ) ARE IMPLEMENTED
* IN LINE IN THE ASSEMBLY LANGUAGE VERSION AND A CALL TO

T H E A S S E M B L Y L A N G U A G E  V ER S I O N  SHO U L D  PASS T H E A D D R E S S E S
OF SEMI—LOGARIT H M IC TABLES (TL(S20),TM (820),VTH (820),CNV (82O))
VIA T HE ENTRY POINT CU RINT RATHER THAN FUNCTION NAMES.
CURCAL DOES THE EQU I V ALENT OF A FORTRAN RET OR N I I4HEN A
V A L U E  OF I IS  O U T S I D E  T H E  T A B U L A T E D  R AN GE . THERE IS NO
OB VIOUS WAY TO MA K E THIS AP rARE NT IN THE FORTRA N VERSION.
THE ARGUMEN TS PASSED TO CL IR CAL ARE IGNO R ED AND
OB TAINED FR OM LOCAL STO RAGE L4HERL CURINT PUT THEM.

*
N O T E  T H A T  T H I S  M E A N S C U R I N T MUS T BE C A L L E D  B E F O R E  T H E
FIRST TIME CU JRCAL IS CALLED OR A REAL M E~’S W I L L  R E S U L T .

t
I

SUBROUTINE CU IRIN T (TErIP1. TEMP2. TEM P3 .oArl ,TL ,TM ,VT H ,CNV .

~ .N.L N. SD.OSI G.J. T .NTAB )
t

D E C L A R E  V A R I A B L E S

* IMPLICI T REAL *8 (A-H .O-Z )
REAL ’~ N(NTAB) ,LN(NTAB ).SD(NIAB ),T (NTAB ),J (NTAB ),OSIG (NIAB ).

* .TL .TM ,VT H. CNV
REAL ’S TEMPI. T EM P 2 .TE M P3 .C O NAN ,ES U .C,CC s -NA N 1. B ,C H T .

* .V C .VlT H ~ ISI .JA. NC ON .NCON I.M E.NI ,rI .JCON.Ji ’l
DAT A C,2,997~ :5D1O’ ,ES Ur4.8O29S0-1O -’.M~ /’j .1O9D— 28-’.

* . M I / 1 . 6 7 2 5 2 D - 2 4 / , P I ’ Z 4 1 3 43 11~A S S S 5 A 3 O / . L R R / L O — 6 /
*
* INITIALIZE CONSTANTS FOR CL IRCAL
*

INTEC ’ER ’4 CO UNT/3D’
B~~1 .P2
CO NAN : 5 . 0 _ 2 b D S Q R T ( M E ~’t1I)~~B/ ( 4 . D O S P I 5 h E S U s-
T C O N : U G A M — 1 , 0 0 ) / G A T I )
CONAN 1 ~~

- T C O N  ~ T E Mr3 ~CON AN s -  ESU/ C
TCD~4 :TCON ~~T E M P 1

* CU :—C /ESII
R E T U R N

* ENTRY CURCAL(OS IG.J . T.N .LN .NTA B. -~
* S
t CALCULATE CUR RENT AND RESIST iVI TY (OSIG~ 1O R F I R S T  PO I N T
*
* 0 5 1 6 ( 1 )  :T L C T ( 1 )  ) + T M (  T ( 1 ) )  ‘ S L N (  1)
‘S CHT :CMV (T (1))

V i TH~ VT H (IC 1))
* VD J (1)*N (1)b CII T~~C E
t IF (V D .LT. V ITHJ G O T O 10
t

THE NEXT STATEMENT CALCULATES THE ANOM AL OUS PART OF T H E
* R E S I S T I V I T Y i F T H E  D R I F T  V E L O C I T Y  I S G R E A T E R  T HAN T H E
* CRITIC A L VELOCITY FOR THE ONSET OF T U I RD UL FS NC E
t

* OSIG (1)~ OSI G (1 )+CONAN 1N (1)’CHTt (1.D O— V I T H - - VD )
-I

* I N I T I A L I Z E  TS I  TO Z E R O
*
* 10 T SI~~O . D O
* DO 20 I~~2 .NTA B
‘S L-’SI G ( I) :TL (1(1) )+TN ( T (I)) ‘SIN ( I
* T S I ~~TS I+( OSIC , (I—T )+OSIC~(I)~I S ii¼I1
* JCON :(TEMr2+1(t1P 3&TST )

0
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• ~~A)M COPY F’JRNISH.ED TO DDC -

* F35 C1~~1.0 O/JCON
* F35C 2 ~ F 3 5 ( F 3 5 C 1 )
* C H T~ CNV (T (I))

5- * V I T H ~ V TH (T (I))
* J ( I)~~TEr1P 1’ F35C2
* NCONO :N (I)*CHT
* CJA~ NC O N O * S D ( I ) * C O N A N
* N C O N ~ NCONO 1CE
I VD ZJT*NCON
* IF (VD.LT.VIT H )GO TO 20
*
* THIS SEC TION C A L C U L A T E S  ANOMALOUS PART OF R E S I S T I V I T Y  U S I N G
* N E W T O N’ S M E T H O D  FOR I N T E R I O R  G R I D  P O I N T S  — S K I P  I F
* D R I F T  V E L O C I T Y  IS L E S S  T H A N  C R I T I C A L  V E L O C I T Y
t

* JA~~(12 .0O/l3 .DO)~~V ITH/NC ON
* JCO N~ JCON +CJA *TEMP3
* CJA~ CJA*JA
* NCON1 ~~N C O N * C O N A N 1
* J(I)~ JA* (1,DO+ (J (I)_JA), (NC 0N1ICSD (I)*F35C1*J (I)+JA ))
* DO 15 K~~1 .COU NTCJA T~~CJA/J (I)
* TC 1ZTC ON—CJ AT

J C l~~JCON—C JA I
-

- JT~ J (I)~~((TC1+TEMP1*JC1)/ (J (I)*JC1*F35 (JC1 )+TC1))
* IF (DABS ((JT—J(I))/JT).LE .ERR)GOTO 16
t 15 J (I) JT
* 16 T S I G ~ N CO N O 1CONAN ~~(1,DO—JA/J (I))
* T SI~~TSI +TSIG’SD (I)t O S I G (I )~~OSIG (I)+TSIG
~ 20 CONTINUE

• * R E T U R N
END

USING *,15
B CFIRST BRANCH AROUND NAME , OTHER ENTRY ETC.
DC X ’ 0 6 ’

-~~ DC C L 7 ’C U R C A L  ‘ 
-

ENTRY CL’R INT
USING 1 ,15

CURINT B IFIRST BRANCH AROUND NAME , SAVE AREA ETC.
- ;  DC X ’ O 6 ’
-
~~ DC C L 7 ’ C U R I N T  ‘ 

-

S A R E A  DS 1SF
R E G 1 DC AL4 (ARGA ) Ri (ADDR ARG LIST )
R E G 2  D C F ’ O’  R 2  BASE T
REG3 DC F ’O’ R3 (BASE OSIG — 8 — BASE I)
REG4 DC F’’O ’ R4 (BASE J — BASE I)

S REG5 DC F’O ’ R5 (BASE N — BASE I)
REG 6 DC F ’ O ’  R6 ( BASE IN — BASE I)
REG 7 DC F ’O ’ R7 (BASE SD — BASE T)
EIGHT DC F’8’ R 8 (INCREMENT — 8)
REG9 DC 1,0’ R9 (BASE T + 8~~(HTAB—1 ) COMPARAND )
TLA DC F’O ’ R l O (BASE IL TABLE CHANGES IN LOOP )
TMA DC F ’O ’ R u (BASE TM TABLE CHANGES IN LOOP )
V T H A  D C F ’ O ’  BASE V T H  T A B L E
CNVA DC F’O ’ BASE CNV TABLE
COUNT DC F’30 ’ MAX * OF NEWTON ’S METHOD ITERATIONS
ARGA DC X ’SO’ ARGUMENT LIST (ONE LONG )

DC AL3 (F35A ) ADOR ARGUMENT
TBMD DC X’0000033O’
T D I S P  D C X ’ 0 0 0 0 1 4 1 0 ’

CHOP 0.8 FORCE DOUBLE WORD ALIGNMENT
wri l DC D ’ O . ’
W P 1 DC D ’ O . ’
Wr1 3 DC D O .’
W P3 DC 0 , 0 . ’
FLOAT DC X ’4 000000000000000 ’
CONAN DC D ’ O. ’
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FROM C0~1 FUK1US~~~ 

TO DD

CONA N1 DC D’O
TEMP 1 DC D’O. ’
TE MI P2 DC D ’ O

- - TE MP 3 DC D ’ O
CAM D C D ’O
NCON oo D’0
NCONO DC D ’O. ’
TCON DC 0,0. ’
JCON DC 0,0.
CJA DC D’O .’
TC 1 DC D ’O.
JA D C D O . ’
TSI DC D O . ’
ERR DC D’ 1 .E—6 ’ ERROR TOLERANCE FOR NEWTON’S METHOD
C DC D ’ 2 .9 9 7 9 2 5 E 1 0 ’
ESU DC D’ 4 .80298E-IO ’
ME DC D’9 .1091 E— 2 8’
MI DC D ’1.67252E— 24 ’
B DC D ’i . E 2 ’
P1 DC X ’ 41324 3 16A 88 85A3 0’
CE DC 010 . 1

- 
- F3 5 C 1  DC D O . ’

F3~ C2 DI S 0 0
F3 5A DC D O . ’
IFIRST SIN 1 4.12.12(13) SAVE CALLING ROLI TINE ’S GPR’S

LR 2 ,13 R2 <~ ADC R OLD SAVE AREA
LA 13 .AREA R1 3 (: A OD R N EW S A V E  A R E A
D R O P  15 R 1 5  N O LO NG ER B A S E  R E G
USING A REA , 13 R 1 3 NE C-i CASE REG
ST 2.4(13) LINK SAVE AREAS
ST 13,5 (2)

• LM 2.9.0 (1) R2— R 9 < ADDR’S 1ST 8 A R G ’ S
LO 0,0(5) 10 <~ CA M
ST 6.TLA TLA <: BASE IL TABLE
LOR 2,0 F2 < z  C .AM
ST 7,Ir’A TM A (~ B A S E  TM T A B L E
10 4.0:4 14 <~ TEr-1 P3
ST 8 .VTHA V ill A (~ BASE VTH TABLE
STD 4,TEMP3 TEMP 3 (L OCA L ) <~ TEMP 3
ST 9,C 4 VA CNVA <z  CASE CNV TA BLE
LD 6,0(3) 16 <~ TEMPZ
LM 4.10.32 (1) R 4-R 1O AD E1R S REST OF A RG S
ID 4.0(2) 14 <~ TE M P 1
L 10 .0(1 0) R IO (~ NT~’BSTD (‘.TEMP2 TE MP 2 ( L O C A L )  <~ T E M P 2
SLA 10.3 R iO ( z  NT AB ~ .S
ST D 4 . T E ~~P1 T E M P1 ( L O C A L )  (: TE r1P1
S iO.E IGHT R IO <: ~~(N t AB —i )
SD 2,~~D ’ 1 . ’ F2 <: G A M - i . O O
SR 4 ,9 R 4  < :  B A S E  N - BA SE T
DOR 2,0 F2 ~~ ( c . ; r l — 1 . D O ) / L ;A r l
SR 5.9 R5 (: BASE LN — BASE T
STD 2.GAM C.ATI (

~ (OAM-1 .D0)/GAM
SR 6.9 R 6 <~ BA SE SD — BA SE I
LD O . ME 10 <~ ME
L 1.R E G1 R i <~ A P D R  A RG L I S T
00 0.Ml 10 (: ME/ MI
U. 15. V(DSQRI) RiS <~ E N T R Y  A D D R  DS QRT
STO O .F35A F 35A <~ ~I E - ‘~IBAL R 14.15 10 <: DSQRT (ME ,M I
SR 8.9 R8 (~ BA SE J - B A S E  T
M~ O,B 10 (~ D~~ RT 1ME ,flI )’B
SR L9 R 7 <~ BASE OSI G — CASE I
MD O. :D ’6.E— 2’ 10 <: 6.D_ 2*DSQRT (M E ,MI )’SB

- AR 10.9 R i O (: BASE I + St - (NT A B-i )
ID 2.:O’4 . ’ V 2 ~~ 4.110
~~ 2,Pl F2 (: 4 .PU&PI
S 7.EIGHT R7 <: BASE O S IG — — CA S E T
MD 2.ESU 12 <~ 4.DO’P~ ’ESU
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• F1~OM COP~ FURNISH.ED TODDC

ST 9 . REG 2 REG2 <: BASE I
DOR 0.2 12 <: 6 . D _ 2 S D S Q R T ( M E / M I ) * B / ( 4 . D O * P I * E S U )
ST 7.REG3 REG3 <~ BASE O S I G  — 8 — BASE T
STD O .CO NAN CONAN <~ 6.D_2*DSQRI (ME/MI)*B/(4 .DO*PI*ESU)
ST 8 .REG4 REG4 <~ BASE J - BASE I
LD 4,GAN 14 (: ((GAM -l .DO )/GAM)
MD 0.TEMP3 FO <~ TEMP3* CONAN
ST 4.REC5 REG5 (: BASE N - BASE I
MOR 0.4 10 <: ((GAM_ 1.DO)/GAM )*TEMP3*CONAN
ST 5 , R E G 6  R E G 6  (: BASE LN — BASE I
ID 2.C 12 <: C
ST 6.REG7 REG7 <: BASE SD — BASE I
LCDR 2.2 12 <~ —C
OCR 0.2 10 <~ ~ ((GAM- 1 .00)/GAM)’TEMP3~ CONAN /CSI 1O .REG 9 REG9 <~ BASE I + 8* (NTA B_ I) COMPARAND
MD 4,TErI P1 14 (: TEMP 1* ((GAM_ l)/CAM ) : TCON
0) 2.ESU F2 <~ -C/ES U
STD 4,TCON TC ON <: TEM PI* ((GAM_ l )/GAM )
L 1 0 . 4 ( 1 3 )  RIO <~ A D O R  O L D  SAVE A R E A
rio O .ESU FO (: _ ((GAM_ i.DO)/GAr I)*TEMP3*CONAN *ESU/C
STD 2 .CE CE <~ —C /ESU
LM 14.10 .12 (10 ) GPR’S RESTORED
STO O .C ONAN1 C-ONAN 1 (~ ((GAM_ 1 .DO )/GAM )*TEMP3 *CONAN
L 13 .4(13) R 13 <: AD O R OLD SAVE AREA
SR 15.15 R 15 <~ 0 (RETURN CODE )
MVI  12( 13) ,X’ FF’ INDICATE CONTROL RETURNED
BR 14 R E T U R N

S D R OP 13
USING CURCAL ,15

C F I R S I  SIll 14, 12. 12 (13) SAVE CALLING ROUTINE’S CPR’S
• LR 2 . 13 R2 < :  A D D R  O L D  S A V E  A R E A  . -

LA 13 ,AR EA R 13 <~ A D O R  N E W  SA V E A R E A
DR O P 15 R 1 5  NO L O N G E R BASE R E G
USING A R EA ,1 3 R 1 3 NEW BASE REG
ST 2.4 (13) LINK SAVE AREAS
SI 1 3,8(2)
LM 1. 1 1 .R E G I  SET UP GPR’S
IN 1 2 , 0 ( 2 )  R 12 <~ H I G H  O R D E R  2 B Y T E S  OF 1(1)
MVC FLOAT+1 (5),2 (2) FLOAT (~ F R A C T I O N A L  D I S P L A C E M E N T
S 12,TDISP REDUCE R 12 BY TDISP. NOW * DOUBLE WORDS

* FR OM BA SE OF I N T E R P O L A T I O N  T A B L E S  S

LD 4,FLOAT F4 <~ F R A C T I O N  0 LE F R A C  LI 1
811 BADI IF RESULT NEGATIVE — OUT OF RANGE

* GO TO B A D T
C 12, TBNO IF R 12 GREATER THAN TBND
BH B AO T GOTO BADI
SD 4. :D’ S ’
SLA 12,3 R 12 <: R2’8 NOW BYTE DISPLACEMENT

* F R O M  BASE OF I N T E R P O L A T I O N  T A B L E S

NOW COMPUTE W E I G H T S  FO R CUBIC INTERPOAL I ION OF
* FUNCTIONS OF I

LDR 2 . 4  F2 (: X
S MOR 4.4 14 (: x~ *2

HDR 4.4 F4 (:  X2/2
SD 4,:D’I .125’ F4 <: X 2/2 — 9/S
LO R 6 ,4  16 <: X2 -’2 — 9/8
NOR 4.4 14 <: X 2 / 4  - 9/16
rOR 6 .2  16 <~ X3 / 2 — .X / 8
LCDR 0.4 FO <: — X 2 / 4  + 9/16
AOR 0,5 FO (~ X3/2 — X 2 / 4  - 9X/ 8 + 9/16
STD O,WM 1 Wil l (: WEIGHT FOR TABLE ENTRY CORRESPOND—

* INC TO CLOSEST SMALLER VALUE OF I.
LCDR 0,4 10 (~ —X2 .’4 + C1/ 15
SOR 0.6 10 (: -x3’2 - X 2 / 4  + 9X/ 8 + 9/16
SID O .WP 1 W R1 <: WEIGHT FOR TABLE ENTRY CORRESPOND —

* I N C  TO C L O S E S T  L A R G E R  V A L U E  OF I .
ADR 6 , 2 F6 <z  X3 /2  - X/8
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F~~j4 eOFY FURNISFLED TO 1~DC

AD 4,:D’ .5’ F4 (~ X2/4 — 1/16
MD 6,:X’4055555555555555 ’ 16 <: X3 / 6  — X / 24
LDR 0.4 10 (:  X 2 / 4  — 1/15
SO R 0 ,6 10 <: -X3/ 6  + X 2 / 4  + X/ 24  — 1/16
ADR 6 . 4  16 <~ X 3 /5  + X 2 / 4  — X / 24  — 1/16

• STD O ,W M3 W M3 <: WEIGHT FOR SMALLEST VALUE OF T
STO 6.WP 3 WP3 <: WEIGHT FOR LARGEST VALUE OF I

*
* NOW CALCULATE INTERPOLATED VALUES OF TI AND TM
* (HAVE WEIGHTS FOR TABLES ENTRIES 1 C 4 IN F P R ’ S  0 C 6)

LDR 4 ,0  14 <~ WEIGHT 1
LDR 2.6 F2 <~ W E I G H T  4
MD 0.0 (10,12) FO (~ W E I G H T  1 * IL 1
MD 2 .2 4 ( 10 . 12 )  12 <: WEIGHT  4 * IL  4
MD 4,0 (11, 12) F4 <: WEIGHT 1 * TM 1
MD 6,24 (11,12) 15 <~ WEIGHT 4 ~ TM 4
ADR 0 ,2  10 <~ L.J 1~~TL1 + 1J4’S-TL4
ADR 4 .6  14 <: W1 ~~iM1 + W4*TM4
LD 2,1.111 1 12 <: WEIGHT 2
LDR 6.2 F6 <~ W E I G H T  2
MD 2.8 (10,12) 12 (~ W2’tL2
rD 6.8 (11,12) 16 <: W2’-TM2
ACR 0 ,2  FO <: I41~~IL1 + W4*TL4 + W 2~ TL2
ACR 4,6 F4 <: C -J1 1TM 1 + 1.J4*TM4 + W2*TM2
ID 2.14P1 12 <: W E I G H T  3
LOR 6.2 16 <: W E I G H T  3
MD 2 .16 (10,12 ) 12 <: I43~ T L 3
MD 6,16 (11,12 ) 16 <~ W 3tTM3
A DR 0 ,2 10 < : I N T E R PO L A T E D  VAL UE O F TI
ADR 4.6 F 4  <: INTERPOLATED VALUE OF TM
MD 4 , 0 ( 6 .2 )  14 <: Tr1~ L N ( 1 )
ADR 4,0 14 <~ IL + TM 1LN (1)
I 1O ,CNVA R iO (: BASE AOD R CHINV TABLE

- SID 4.8(3,2) uS IG (1 ) (:  TI + T M * L N ( 1 )
I 11. VTHA R u <: BASE VTH TABLE
ID O,WM3 FO <~ WEIGHT FOR SMALLEST VALUE OF I
ID 6.WP3 F5 <: W E I G H T  FOR LARGEST VALUE 01 1

* NOW CALCULATE INTER POLATED VALUES OF CH AND VT
* (HAVE WEIGHTS FOR TABLES ENTRIES 1 C 4 IN FPR’S 0 C 6)
*

ICR 4.0 14 <~ W E I G H T  1
LOR 2 .6  12 <: W E I G H T  4
110 0.0 (10,12) 10 ~~ W E I G H T  1 1- CH 1
MD 2.24 (10.12) F2 (: WEI GHT 4 * CH .4
MD 4,0 (11.12 ) F4 <: WEIGHT 1 * VT 1
MD 6.24 (11.12) 16 <~ W E I G HT 4 * V I 4
A DR 0.2 FO (~ W I ’ C H 1  + W4’S-CH 4
ADR 4 ,6 14 <: U 1’ VT I + t.J4*VT4
ID 2 ,WM l  F < :  W E I G H T 2
IDR 6 .2  F (

~ W E I G H T  2
110 2 . 8 ( 1 0 . 1 2 )  F <: W 2~ CH2
ro 6.8(11 .12) F~ 

(: W 2 1VT2
ADR 0 ,2  FO <: 41* CH 1 + W4*CH4 + W2*CH2
AOR 4,6 14 ~~~ W1~ V T1 + W4*VT4 + 142*VT2
ID 2,WP1 F2 <: W E I G H T  3
LO R 6 . 2  F6 <: W E I G H T  3
MD 2.16 (10 .12 ) F2 <~ 1 S 1 3 ’ S C H 3
liD 6.16(11,12 ) F6 (~ W 3 1V T 3
A G-R 0 ,2  FO <: I N T E R P O L A T E D  VALU IE OF CH
AUR 4.6 F 4 <: INTERPOLATED VALUE OF VT
LDR 2 ,0  12 <: C H T

- SOR 6 . 6  16 <: 0.00
MD 2 .CE 12 <: C H I * C E
I 10 .TLA R iO (~ BASE TI T A B L E
MD 2 . 0 ( 5 .2 )  12 <~ N ( IY ’ - C HT ’ CE

• U. l i.TMA R u <~ BA SE TM T A B L E
STD 6,TSI TSI < O.D0
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I~~)M COPY F1JRNjS}[F~ TO DDC __

MD 2.0(4,2) F2 <: J (1 )*N (i)*CHT CE Z VD
CPR 2. 1 1F (V D~ LT.V IT H )
DL AR N D G O T O  A R N U
10 6 ,C0 NAN F5  <~ C O N A N  -

MO R 6 .0  16 <: CONAN ~ C H T
MD 6.0(5.2) 16 <: CONAN *N (1)*CHT
10 0.~~D ’1 . ’ It) (~ 1.00 ~~

5
5

ODR 4.2 14 (:  V ITH /V O
SOR 0 . 4  10 (

~ I . D O — V I T H / V D
MDR 6.0 16 <: C ONAN ’N (1 )’CH T ’ (1.DO-V ITH /V D )
AD 6.8(3.2) 1 6<  O S IC , (1 )+C ONAN *N (1 )$C H I* (1 .DO_ V IT H/V D )
STD b .8 (3.2) OSIG (1)< :C1SIG (1)4CONAN *N (1)*CHT * ( l .OO—V I TH /V D )

AR NO AR 2 . 8  R2 (:  A DOR T (2)
LOOP IN 12,0(2) R12 (:  HIGH ORDER 2 BYTES OF 1 (I)

1-IV C FL OAT#I (6),2 (2) FLOAT (: FRACTIONAL DISPLACEMENT
5 12 .IDISP REDUCE R 12 BY TDI Sr. NOt-I * DOU DLE WORDS

* F R O M  BA SE OF I N T E R P O L A T I O N T A B L E S
LU 4.FLOAT 1-1 ~~ F R A C T I ON 0 LI  F R A C LI  1
Bri BA DT IF RES U LT NEGAT iVE — O U T OF RANGE

6010 BAD I
C 12. TBN D IF RU GREATER THAN TON D
O H B A D I  GU TO D A O T
SD -1.~~D ’ .5’ F4 ~~ FRAC — .5 IL FRAC LI .5
SLA 12,3 R i 2 <~ R2’ SS NOW BYTE DISPLACEMENT

FROM BASE OF INT IR PIT LAT ION lA DLES

NOW C0M~ U T E  W E I G H T S  FOR C UB I C  I N T E R P O A L T I O N  OF
* F U N C T I O N S  OF I

LDR 2.4 12 <: X
M O R 4 . 4  14 (:  X~~~2 X2
HDR 4.4 F4 < z  X2/2
SO 4.~~D ’1 . 125’ 14 <: X 2 / 2  — 9,8
L[’R 6.4 16 (: X 2 / 2  — 9,8
HOR 4.4 F4 <~ X 2 ’ - I — 9/16
r?R 6.2 16 (~ X3/2 - 9X / $
LCDR 0.4 10 < : -X2/ 4 + 9 / 1 6
AC R 0.6 10 <: X3 .-2 — X 2 / 4  - 9X / 8  + 9/ 16
STD U. WN1 W~1i ~~ W E I G H T  F O R  TABLE ENTRY C ORRESPOND—

• ING TO CLOSEST S MALLER VALUE OF I.
LCOR 0.4 11) <z  — X 2 / 4  + 9/16
SOR 0.6 FO (~ -X3/2 - X ’ /4  + .X / 8  + 9/16
STO O .WP 1 WF’ 1 <: W E I G H T  FOR TA B LE ENTRY CORRESPOND—

* I N C  10 C L O S E S T  L A R G E R  V A L U E  OF I .
ADR 6.2 F6 <~ X~~-2 

— X / S
AD 4:0 .5’ 14 <: X2/-I — 1/ 16
MD 6.:X’4055555555555555 ’ 16 : X3/6 — X/24
LDR 0.4 Fl) <: X 2 / 4  — 1/1 6
SDR 0.6 10 <: — X 3 ’ 6  + X 2 / 4  + X/2 .1 — 1/16
A CR 6, .I 16 <: X 3 / 6  + X 2 / 4  — X / 2 4  — 1/1 6
STO O,Wr’13 14113 <~ W E I G H T  FOR S M A L L E S T  V A L U E  OF T
Sb 6 . W P 3  W P3 (: WEIGHT FOR LARGEST VALUE OF I

*
* NOW C A L C~’LAT E INTERPOLATED V ALUES OF TI AND TM
t (HAVE WEIGHTS FOR TABLES E N T R I E S  I C 4 IN F~ R ’S 0 C 6)

~DR 4.0 14 <: WEIGHT 1
I C R  2 . 6  F2 < :  W E G HT 4
MD 0.0(10.12) 10 <: W E I G H T  1 * IL 1
Mi 2.2 4 (10.12) 12 <: WEIGHT 4 * IL 4
rii 4 .0(11,12) 14 <: WEIGHT 1 * 111 1
ro 6,24 (11, 12) 16 (: WE I GHT 4 * TM 4
A~~ 0..’ 10 (: 41 ‘TII + W4~ T L 4
.‘.:‘ ~~ 

4 .1. 14 (: W1 TM1 + 144*1M4
, p  •‘..M i  12 (: W E IG H T  2
- 

-
~~ 

I,. r c ,  (: W E I G H T  2
.‘, ‘~Hil. 12) 12 (: W 2 *1L2

—
~~ h -~~(l1 .l 2 )  lb : W2 ’TM2

• i.. Fl) (~ W1 ’T L I + W4tTL4 + W2 *TL2
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FROM COPY PUP~N1S}IEP TO 1)1)0 ,_—

ADR 4 . 6  14 <: W i~~T M 1  + 144 *TM4 + W2 * TM2
LU 2 .WP I 12 <: WE I G H T  3
LDR 6 ,2 16 <: W EI G HT 3

— MD 2 .16(10 ,12 ) 12 <: W3 ~ T L 3
LID 6 .16(1 1,12 ) F6 <: W 31TM 3
ACR 0.2 10 <: INTERPOLATED VALUE OF IL
ADR 4.6 14 (: INTL R POL A IE D VALUE OF Ill
LiD 4.0(6.2) F4 <: TM~ LN (I )
ADR 0.4 10 <: IL + IM~ LN (I)
I 1O ,CNVA RIO (z BASE AD OR CH INV TABLE
SID 0.8(3,2) OS IG (I ) <~ IL  + I M t - L N ( I )

S I 1 1 ,V T I-I A R u <: B-’~SE V T H  T A B L E
AD 0.0(3.2) FO <: OSIG (I)40S16(I—1 )
MD 0,0(7.2) 10 <: (OSIG(IH ~OS IG (I_ 1H*SD (I)
AD 0.ISI F0 < : TSI + (OSIG( I )~~OS IC(I_ 1 ))*SD (I )
STD O .TSI TSI (: ISI + (OSI& (I)#OS1G (I_1))*SD(I)
MD O .TEIIP3 FO (:  TSI~~TE Mr3AD O. IEL IP2 FL) <: TEM P2 + IEM P3~ TS I
STD 0,JC ON iCON <: T [MP2+IEMP3 TSI
ID &,:D ’l . ’ IC, (: i .DU1
DDR 6.0 16 < : I.DO/ (TEM P2 ’1EM r3~ ISI)

S L 1 5 , :V ( F3 5) R 15  (: E N T R Y  A D DR 135
STD 6 .13 5 C 1 F 3 5 C 1  (: I . D O / ( T E r ’ P 2 + T E M P 3 ~ T S I )
STD 6 , F 3 5A F35 ARGU M ENT <: 1J~ 1/ ( TE t1P 2 4 T E M P 3 * T S I )
BALR 1 4 .15 FL ) < : F 3c(u.D1 t ,’ (IEMp2~ T LMr3 $ T S I ) )
SID 0 . F 3 5C2 r35c2 <: 13 5 ( 1 . D o / ( l E M r : + T L r l r 3 ’ I S I ) )
LU 0.1Jll3 10 < ;  W E I G H T  FOR S MAUE ST V A L U E  OF T
LO 6.14P3 16 <: WEIGHT FOR LARG E ST VALUE 01 1

*
* NOW C A L C U L A T E  I N T E R P O L A T E D  V A L U E S  OF CH AND V T
‘ ( HAVE W E I G H T S  FOR T A B L E S  E N T R I E S  I C 4 IN F P R ’ S  0 C 6 )

LDR 4,0 1-4 <: !~~I G U T  1
LC R 2 . 6  12 c~~ W E I G H T  4
110 0.0(10. 12) FO <: W E I G H T  1 * CH 1
MD 2 . 2 4 ( 1 0 . 1 2 )  F2 ~~ W E I G H T  4 ~ CM 4
MD .1 .0( 11. 12 )  14 <: W E I G H T  1 ~ V T  1

• MD 6,24 (11.12) 16 <~ I4EIOI I T 4 ‘- V T  .1
ADR 0 .2  Fl) <~ W I 4 U’UI I + W 4 * C11 4
ADR 4 . 6  14 ~~ I 1 1 t V T 1  + t-i 4~ V T 4
LD 2 .WM1 12 < : W EIGHT 2
LOR 6. 2 F 6  (~ W~~I 11 IH1 2
riD 2.8 (10. 12) 12 <: I . 12 1C H2
Mi 6 . 8 ( 1 1 . 1 2 )  Fl, < : W2~ V T 2
A ”R 0.2 F L) ( = Ni I C H I  + 1 4 4 ’ C H 4  + t-1 2~ CM2
AOR 4.6 14 <~ tJ l t V T l  -+ W .I V T . l  ~ID 2.t4P1 F2 <: I E I G H T  3
LOR 6.2 16 <: W E I G H T  3
MD 2.  6 (10.12) 12 <~ W 3 ’ C H 3
rID 6 .16 (11 ,12 ) Ft.~ (~ 1J3 4V 1 3

A DR 0. 2 10 (~ INTER r O L .AT FO VALUE 01 CH
A DR 4 . 6  14 <: IN1 ER ~ OL A1ID VALUE 01 VT

~r’D 0.0(5,2) FO <~ N (I)~~l’HTLOR 6,0 16 ~~ N (I)~~CMT 
: NC ONO

STD O.NCON C ) NCONO (~ N ( I ) t C H T
rID 6 . 0 ( 7 . 2 )  16 <: NC I1NO S0 (I)
MD 0 . C E  FL ) <~ N ( I ) ~~C H T 6 C E
Mi 6.C0NAN 16 <~ CONAN’NC0 N U~ SD (I)
STD U1 ,NCON NCON ( N( I )$CHT* C 1
STD i’.CJA CiA <~ Ct 1NAN~ NC ONU 1SD (I )
LU 2 .TEr1P1 12 <: 111W)
MO 2.F35C2 12 <= 1EMP1 ~~F 35 C 2  j

L 11 ,T MA RH <: BA SE TM TA B L I
STO 2,0 (4.2) J( I)  <: T L M P 1 ’ F 3 5 C 2
MDR 2.0 F2 <: JT t~lCOH V D
I 1O .TLA R i O <: BASE IL TABLE
CDR 2,4 IF (V D .L T .V I TH )
DL ARN D I 6010 AI~ND1

*
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ThI S PAGE Is ~~s’r Q\JALIT? P LCT1C~~ ’~
COFI FURN-ISF1.~~ TO DDC ,._ .-

* THE FOLLOWING CALCULATES THE CURRENT AND R E S I S T I V I T Y  IN THE 
—

* CASE THE DRIFT  V E L O C I T Y  E X C E E D S  13 TIMES THE ION THER MAL
* V E L O C I T Y  - — I N  T H I S  CASE A l L E A S T  P A R T  OF T H E  S L A B
* IS C H A R A C T E R I Z E D  BY ANOMALOUS R E S I S T I V I T Y
*

LD 2 .CJA 12 <~ CJA
MD 2 .TEMP3 12 <: T EMP3*CJA
LOR 6.4 16 <: VITH
SID 2 .C J A  C.JA <: TE M P3~ CJA
AD 2.JC ON 12 (: JCON + TEMP3~ CJA
STD 2 .JCON .JCON <z JCON + IEMP3*CJA
OUR 6,0 16 <~ (12 ./i3 .)*V IIH/NCON : JA
LU 2 .CJA 12 (:  CJA
LID O ,C ONAN 1 10 <: NCO 1’PCONANl N CON 1
rDR 2.6 12 : CJA~ JA
STD 6.JA JA <: (12 .,i3.)*VITH,NCON
STD 2 .CJA CJA <: CJA~ JA
ID 2,0 (4,2) 12 (: J (I)
LiD 0.0(7.2) 10 <: NCON I~~SD (I)LID 0 , F 3 5 C 1  10 <: NCON 1*SD(I )*135C1
NOR 0,2 10 <: NC0NPSD(I)~~F35 C1~ J (I )• ADR 0.6 10 < z  NCON *S 0 (I)*F35C1* ,J (I)+JA
SDR 2,6 F2 <~ J (I)—JA
O U R  2.0 F2 (: (J (I)—JA )/ (NCON 1*SD (I)*F35C1*J (I)+JA )
AD 2 :0 1 1 . 1 F2 <: i .DO + (J(I)—JA )

* / (NCON1~ SD (I)~ F35C l~ J (I)+JA ) MU L C O N
LIDR 2 ,6  12 <: JA MULC O N
STO 2.0 (4,2) J(I) <: JAtLIIJLCON
L 1l. COUNT R h (: C O U N T ( M A X  * NEWTON’S METHOD STEPS)

NE WT LD 6.CJA F6 <~ CJA
DOR 6.2 16 <: CJA /J(I) CJAT
L 15 . :V(F35 ) R 1 5 <: ENTRY ADDRESS F35
ED O .JCO N FO (: JCON
SUR 0,6 10 (: J C O N  — CJAT id
STD O .135A F35A <~ id
MD 6.TCON 16 <: TCON~ CJA T : TC1
STD 6 . T C 1  T C i  <: TCON *CJAT
BA LR 14.15 10 <: F35 (JC1)
LD 4.TC 1 F4 <~ T C 1
ID 6 . F 3 S A  16 <: .JCI
NOR 0. 6 10 (: F 3 5 ( J C i ) ~~JC 1
ID 2 . 0 ( 4 . 2 )  12 (: J ( I)
MOR 0 .2  F 0 < :J (I)*JC1*F35(JC1 )
rD 6.TEMP 1 16 <: TEM PH JC1
A ’R 6.4 16 <: IC1 + TErtpl*JC I
A UR 0.4 10 (:  TCt+J (I)~~JC1*F35 (JCI)
D iR 6,0 16 <: (TC1+TEMPi*JC1 )I (TC1+J (I)*JCi*F35(JC 1))
MOR 2.6 F2 <: J (I )* (TCi+TEN P1*JC1 )/

* (TCI+J( I)~~JC 1~~F 35 (JC1))LDR 4.2 14 <: NEW ESTIMATE OF J (I)
LPDR 0.2 10 <~ DABS(NEW ESTIMATE OF’ J (I))
SD 4.0(4.2) 14 <: NEW E S T I M A T E  — OLD ESTIMATE
MD 0 .ERR 10 <: ERR *DABS (NEW ESTIMATE )
L PDR 4,4 14 <: DABS(NEW ESTIMATE — OLD E S T I M A T E )
COR 0,4 IF (DABS (NEW ESTIMATE — OLD ESTIMATE)

* /DABS (NEW ESTI TIA TE) .LE .ERR )
STD 2 . 0 ( 4 . 2 )  J ( I )  (: J(I)~~(TC1 +TEMP 1~-JC1)/* (TC1+J (I) tJCI*F35 (JC1 ))
BNL OUT 6010 OUT
BCT 1 I . N E W T

OUT LD 4 .JA F4 (: JA
OU R 4 . 2  F4 <: J A / J( I)
I 11. TMA Rh <: BASE AD DR TM ARRAY
LU 2 . :D’ l. ’ 12 (: 1 . 0 0
SOR 2 . 4  12 (: 1.00 — V I T H / V O
MD 2,NCONO 12 <: NC O NO~~( 1 . D O _ V I I H/ ( J ( I ) * N C O N ) )
MD 2.CONAN 12 <~ CONA N *N CONO* (l.DO_V ITH / (J (I)*NCON))

* :1516
LD R 4 . 2  14 (: T S I G
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THIS PAGE IS BEST QUALITY &C1’IC.A.BL~
FROM COPY FURNISH.F.1) TO DDC

AD 2,8(3.2) 12 <~ O S I G ( I )  + IS IG
MD 4.0(7,2) 14 <~ T S I G~ SD (I)
AD 4 ,T S I  F 4 <~ I S I  + TS I G~ SD (I)
510 2.8(3.2) 0516 (1) (: OSIG (I ) + I S IC
ST O 4 .TS I  TSI  <: TS I  + T S I G ~ S U ( I )

ARND 1 BXL E 2 , 8 . L O O P  I <~ 1+ 1 AND GOTO LOOP IF NOT DONE
1 13, 4 (13) R i 3 <: AD UR 010 SAVE AREA

-~~~~ LM 14 .12 .12 (13 ) GPR ’S RESTORED
SR 1 5 . 1 5  R i 5  <: 0 (RETURN CODE )
MV ! 12 (13 ).X ’FF’ IND ICATE CONTROL RETURNED
BR 14 R E T U R N

BADT 1 1 3 .4 ( 1 3 )  R i 3  <: AD U R OLD SAVE AREA
111 14 ,12 .12(13) GPR’ S RESTORED
IA 15 , 4 R1 5 (: 4 (REIUR N CODE )
MV I i2( 13 ),X ’FF ’ INDICATE CONTROL RETURNED
BR 14 R E T U R N
E N D
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THI SPACE IS B~ST QUALXrY PPACDI~.A~!1 S

i~~M C~tY FukN-jSH1~DTO DDC —.-

F 35

135 CSECT
*
* REAL FUNCTION F3 5 * 8 (X )
* F35 RETURNS THE 3. / 5. POWER OF THE ARGUMENT IF
* THE ARGUMENT IS P O S I T I V E  A ND THE N E G A T I V E  OF’ THE 3./5.
* POWER OF’ THE ABSOLUTE VALUE OF THE ARGUMENT IF THE ARGUMENT
* IS NEGATIVE. THE COMMENTS REFER TO THE POSITIVE CASE.
* THE ALGORITHM IS:
*
* CUBE X AND CALL IHE RESULT Y, THEN WRITE Y AS
*
* : (16**(5*N)) * (16**M) * (Z)
* S

* WHERE M IS BETWEEN —4 AND +4 AND Z IS BETI1EEN 1/16 AND 1.
* THEN Z**(1/5) IS APPROXIMATED BY A MINI—MAX LINEAR FIT
* FROM TWO TABLES WITH A MAXIMUM RELATIVE ERROR IN THE
* APPROXIMATION OF 5 .1E—4. THEN THE IN IT IAL  ESTIMATE OF
*

4 T * * h/ 5  : (16**(M,5)) * (Z**h/5)
*

- 
-~ * IS REFINED BY TWO APPLICATIONS OF NEWTON’S METHOD.

S * X**3/5 IS THEN CALCULATED FROM (16**N) * (T**1/5).
-

~ USING *,15 TELL ASSEMBLER NEX T INST A DDR IN R15
B F I R S T  B R A N C H  A R O U N D  N A M E  A N D  SAVE A R E A
D C X ’ 0 3 ’  L E N G TH OF NAME

- ‘ DC CL 3 ’ F 3 5 ’  NAME
A R E A  DS 18 1 SAVE A R E A
F I R S T  SIll 14 , 12 , 1 2( 1 3)  SA VE CA LLI NG ROUTINE ’S  G PR’S

1 1.0 (1) R h <: ADDR ARGUMENT (X )
S ID 4 ,0 ( 1)  14 <: X
S 

IR 9,13 R9 <: ADDR OLD SAVE AREA
STU 4,ARG ARC <: X
LA 13 ,AREA R i3 <: AOD R NEW SAVE AREA
D R O P  15 R 1 5  NO L O N G E R  BASE R E G
USING AR EA ,13 Rh 3 N E W  BASE REG
LTDR 4,4 CHECK SIGN OF X S

ST 9,4(13) LINK SAVE AREAS
BNM NONNEG IF SIGN POSITI VE — NO FIXES OR FLAGS
NI ARG ,X ’ 7 F ’ TURN OFF SIGN BIT OF ARC <: X i
0 9,:X’80000000’ SIGN BIT R9 ON — F L A G

NONNEG SI 13 ,8 (9 )  LINK SAVE AREAS
SR 3 ,3 R3 <: 0
IC 3 ,A R C  R3 <: EXCESS 64 EXPONENET OF’ ARC
MVI ARG ,X’4 0’ ARC ~~ F R A C T I O N  OF A R C
ID 4.AR G F4 (: FRACTION OF’ AR G
I 4,:F’64’ R4 (: HEX 40
SR 3,4 R3 (: EXPONENT OF ARC
MUR 4 , 4 F4 <: FRACTION OF’ ARC * *2
LI 2,:F’’3t R3 <: EXPONENT OF ARG **3
LA 6,TAB 1-1 6 R6 <: AD DR TABLE 1 — 16
MD 4,ARG 14 <: FRACTION OF ARC **3
SR 5 ,5  R5 (: 0
LA 7 , T A B 2 — 1 6  R7 <: ADDR TABLE 2 — 16
STD 4 , A R G  A RC <: F R A C T I O N  ARC **3
IC 5,ARC R5 <: EXCESS 64 EXPONENT OF

* FRACTION OF ARC *13
AR 3,5 R3 (: EXCESS 64 EXPONENT OF IX 1**3
SR 2,2 R2 <: 0
SR 3.4 R3 <: EXPONENT OF’ lX i** 3
LA 8.TAB3+16 R8 (: ADDR TABLE 3 + 16
BNM NOEXID IF R3 > 0 NO SIGN EXTEND
L 2,:F’ —l ’  SIGN EXTEND FOR DIVIDE

NOEXTU D 2,:F’5’ R2 <: EXPONENT OF’ I
* R3 (: N (SEE COMMENTS )
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THIS PAGE IS BEST QUALITY ACTICA
FROM COIl FURi4ISH~.[) 1X) DDC

A 3, zF’ 65’ R3 <~ EX CISS 64 EXPONENT OF 16**N
AR 4.2 R 4 <: EXCESS 64 EXPONENT OF’ I
SIC 4.ARG ARC <: I
ID 4,ARG 14 (: I
SLL 2.2 R2 <: DISPLACEMENT FOR TABLE 3
SDR 0.0 FO <: 0.00
I. 5.ARG R5 <: 1ST 4 BYTES OF I
IC 4,ARG +1 LOW ORDER BYTE R4 (: F’IRST BYTE OF

* F R A C T I O N  OF I
511 5,8 HIGH OR DER 3 BYTES OF R5 <: BYTES

• * 1—3 OF FRACTION OF I
N 4.:X’OOOOOOF C ’ R4 <: DISPLACE FOR TABLES 1 C 2
IC 5,ARG+4 R5 < BYTES 1— 4 OF FRACTION OF’ I
LE 0,0(4,7) It) <z TABLE 2 ENTRY — SLOPE
SRI 5.2 L OW 3 BYTES 01 R3 <: FRACTION OF

* FRACTIONAL DISPLACEMENT FOR MINI- MAX LINE 
-

ST 5 ,FRAC FRAC <: FRACTIONAL DISPLACEMENT FRACTION
MVI FRAC ,X’4 0 ’ FRAC <~ F RA C T I ON AL D I S P L A C E M E N T
ME O ,FRA C 10 <~ F R A C ’SL O PE
AE 0.0(4,6) FO ( MINI- MA X ESTIMATE OF Z**1/5
LIR 9.9 CHECK IF X NEGATIVE
ME 0.0(2.8) 10 <: MINI—MAX 1ST OF ’ T~~*h/5
BNM NOSIGN IF X POSITIVE. NO FIXES
0 3,:F’128’ SIGN 01 EX PONENT OF ’ 1641N MADE MINUS

NOSIGN LDR 2.0 12 (z MINI— MA X EST 01 11*1/5 : EST 1
*
* BEGIN 1140 APPLICATIONS OF’ NEWTON’S METHOD
* WITH SOME CPR FIX—UPS INTERLEAVED.
*

NOR 2,2 12 <: ESI1 ~~~~ 2
• SIC 3.MUL MUL ~~ SIGN (X ) * 16*-*N

nO R 2,2 12 <: EST I 4
1 1,24 (9) Ri RESTORED

S LOR 6,2 16 <: EST I ~~~ 4 -

MDR 2,0 12 <: EST 1 ~ 5
1 2,28(9) R2 RES 1ORE D
SDR 2,4 12 <: EST 1 *1 5 — I
DER 2 . 6  12 (

~ ( 1ST 1 *$ ~ 5 — 1)/EST 1 *1 4
1 3 ,3 2 ( 9 )  R3 REST I i RED
ME 2,ONE5 F2 < z  (E ST 1 1* 5 — I)’51EST 1 *1 4
1 4,36(9) R4 REST 0~ ED
SOR 0.2 FO (:  EST 2
LDR 2,0 12 < z  1ST 2
M U R  2,2 12 <: [ST 2 1 2
1 5.40(9) R5 RE STt 1~ E D
I1DR 2 . 2  12 <z [ST 2 ‘1* 4
1 6.44(9) Rb RESTORED
LDR 6.2 F& < -  1ST 2 ~ - ‘ 4
MOR .0 12 <: [ST 2 t~1 5
1 7,48(9) R7 RE STORED
SOR .4 12 (: [ST 2 5 — I
1 8.52(9) U REST O RED
ODR ,6 12 < : ([ST 2 ~~ 5 — 1)/EST 2 ‘~~~~ 4
SR 5 , 1 5  R 5 <: 0 ( RETURN C O D E )
MD 2,ONE5 F2 (: ([ST 2 i- ’- S — 1)/51151 2 ~~ 4
MV ! 1 2 ( 9 ) , X ’ F F ’  I N D I C A T E  CONTROL RETURNED
StIR 0,2 10 (z  [ST 3 (FINAL ESTIMATE OF 1*11,5)
1 9 .5 6 ( 9 )  R 9 R E S 1O R E D
MD O.M UI 10 <: ESTIMATE OF 1X 1113,5
1 13,4 (13) R l 3 RESTORED
BR 14 R E T U R N
C N O P  4.8 FORCE CORRECT ALIGNMENT

F R A C  D C 1 0 ’
ARC D C 0 ’O .’
IIU L DC X’ OOlOOOOOOOOOOOOO’
ONE S DC X ’ 4 0 3 3 3 3 3 3 3 3 3 3 3 3 3 3 ’

L I ORG
TA B) DC X ’ 4 0 9 3 1 R B 3 ’

DC X ’ 4 0 9 9 C B C 3 ’
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TflIS PA~!IS B~ST QUALXTY PR&CDICABLE
FROM CO.t~l 1URNisFi~D TO 1)1)0

DC X .40aF7DF5’
D C X ’ 4 0A4 7 9 C E ’
DC X ’ 4 O A8 E B B 4 ’
DC X ’ 4 0A C 1 13 9 ’
D C X ’ 4OB O 9F 2 O ’
DC X’40B40494’
DC X ’411B72005’
DC X ’4O6 A2 1-1F ’
DC X ’40’3CE873’
DC X ’ 4L)~ F88h6’
DC X ’ 4 0 C 2 0 4D6 ’
DC X’40C 46286’
DC X ’ 4 0 C 6 A 4 5 1 ’
D C X ’ 40C~ C D 1 7 ’
DC X ’ 4 O C A D F O 5 ’
DC X ’ 4 T J C C D C 2 C ’
DC X ’ 4 O C E C 6 ~IA ’
DC X I 4ODO~ EE 7 I
DC X ’ 4 L 1 C 12 6 7 5 C ’
DC X ’4004200A ’
D C X’41 105CC7 0’
DC X ’4007681 2 ’
DC x’ .;0D 31098’

• DC X ’4ODAS-40 S ’
DC X ’400C015 3 ’

- 
1 DC X ’4L 1D D~~3DA ’

U ’  X~~4 h 1D E~~C F 1  I

- ‘• DC X ’ C E O S D i D ’
DC X ’ . 10E1 C 140A ’
DC X ’ 4 C E 2 E - ~J 9 ’
DC X ’  4014 2CC 1
D C X - ~OL5bD B3’
CC X ’4L’EL~~

’C S ’
DC X ’ 4t3 1 [18 1 ’
DC X ’4~ E°~ SQC ’
DC X ’ -4OEA F F O’
D C X 4 O E B S I S F ’
DC X’40 EC 6DB7 ’
DC x 4nE r 8-~-~1
DC X 4L 1 EL~~5 S 6 ’
D C  X ’ 4 O E F A 3~)7’
DC X ’4010AC 04’
DC X ’ C F l A F F B ’
DC X ’ 40F 2 A 1A 6 ’
DC X ’ 4 01 3A 82 D ’
DC X ’4L 114 A 2Bt3 ’
DC X ’ 40F 5 9654’
DC X ’ 4 0 F C ’ 5 6 5 B ’
DC X ’ 4 tJF7 7 -’B~~’DC X ’40F55B 9D ’
DC X 411F 94 124 1
DC X ’ 4 O F A 2 3~ A ’
DC X ’ -10FB0238’
DC X ’ 4O F B D E q S’
DC X ’ -1O FCB~ O i ’
DC X ’ -1OFD~~ E A ’
DC X’ 40FE6159’
DC X ’ 4 L 1 F F 32 11 ’

TAB2 D C X ’3 F I3B~ E 5 D ’
DC X 3F5 [1E~AA7
DC X’3 F 41 E 1 7 1’
DC X .314~~ r.EF ’
DC x ’3r4O~~ Fq ’
DC X ’3 F~~AE B9i’
DC X’3 13 .’t ,i- 16’ S

D C X ’  ~1 ~‘~~E E F
DC X ’3 F F- t -~E5 ’
D C X ’ 3 F 2 C~~~’~~’DC x~~3r~~9rE5r
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THIS PAGE IS BEST QUALITY PRLC1’I~A~L~
FROM COIl FUR~ ISH.ED TO DDC

DC X ’ 3 F ’ 2 7 C F 7 9 ’
D C X ’3F2500F’D’
DC X ’ 3 1 2 42 004 ’
DC X ’3F22$DB5 ’
DC X ’3F2 12OC2 ’

S DC
DC X ’3F ’11A35O’
D C X ’ 3 F 1 D 8 8 1 7 ’
DC X ’3F 1CSB7O’
DC X ’ 3 F 1 B 9 8 0F ’
DC X ’ 3 F 1A BA 4 B ’
DC X ’ 3 F 1 9 EA E 6 ’
DC X’3F 1g 2 92 1 ’
D C X ’ 3F 1 873 A 5’
DC X ’3117C948’
DC X ’ 3 F 1 7 2 9 0 2 ’
DC X ’ 3 F ’1C91 EC ’
DC X ’3F1b033B ’
DC X’3 F 15 7C3 C’
DC X ’ 3 F1- FC -4D’
DC X’3F 14 82E0’
DC X ’ 3 1 140 F 7 5 ’
DC X ’ 3 F h~~A h 98’
D C X ’ 3 F 1 3 3 8 E 1 ’

- I . 
DC X’3F ’12D4F4’
DC X’3F 1 2 75’A ’

S D C X ’ 3 F 1 2 1 A 2 7 ’
DC X’3F11C2B5’
DC X ’ 3 F I I G E E 4 ’
DC X ’ 3 F 1 1 1 E 78 ’
DC X ’ 3 F 1 O D 1 3 D ’
DC X’3F ’1OS7O1’
DC X’ 3F 103F97’
DC X ’3E FFAD 4E’
DC X’ 3EFB8941 ’
DC X ’3E F 7SBIO ’
DC X’3 EF 3DOA D’
DC X’3 EE FFS2D’
DC X ’3EE CE FC 9’
DC X 3 [E8[5DA
DC X ’3EE5SSD &’
DC X’ 3EE24740’
DC X ’3 [D F 1FE S ’
DC X ’ 3E 0C116 T
DC X ’ 3 E D ~~1A° i’’
DC X ’ 3EO6 3Ai~E ’CC X ’3ED36106’
D C X ’  ~[DOB qDC ’
DC X ’ 3EC117 °6’

TAB 3 DC X ’ 4 O I B D B ~ C ’
DC X ’ 4O3 O~ L 1CO’
DC X ’ 4 O 5 47 D 1 ’
DC X ’ 40930S8C ’
DC X ’ 4 1100000 ’
DC X’41P’DBSC ’
DC X ’ 4 1 3 0 3OC 0 ’
DC X ’4154T ’2D1’
DC X ’ 4 1 9 3 088 C ’
E N D
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THIS PAGE IS BEST QUALITY PRLC-T CAm~I
FROM COPY FURN-IS}iEl) TO 1)1)0 _..—

T ESTP

TESTP CSECT
*
* ROUGHLY EQUIVALENT TO THE FORTRAN CODE BELOW EXCEPT THE
* THE FUNCTION CH INV PASSED IN THE ARGU MENT LIST
* IS IMPLEMENTED IN LINE IN THE ASSEMBL Y LANGUAGE VERSION.
* A C A L L  10 T H E  ASSEMBLY L A N G U A G E  V E R S I O N  S H O U L D
* PASS A SEMI-LOGARITHMIC INTERPOLATION TABLE (CHINV (884))
* RATHER THAN A FUNCTION NAME. ALSO THE PARAMETER ADDRESSES
* ARE OBTAINED FROM LOCAL STORAGE IN THE CALL TO TESIP
* NOT FROM THE PARAMETER LIST. THE PARAMETER ADDRESSES

-
- - * ARE INITIALIZED BY THE ENTRY POINT TESTPI IN THE ASSEM BLY

* L A N G U A G E  V E R S I O N .
*
* NOTE THAT THIS MEANS TESTPI MUST BE CALLED BEFORE S

* THE FIRST CALL TO TESTP OR UNPREDICTABLE ABENDS
* W I L L  R E S U L T .
*

S * TES TP (T,TE ,J,OS IG ,N ,TUP ,D ELT ,FRAC ,NTAB,CH INV )
4 * IMPLICIT REAL *8 (A— H,O—Z )

* REAL *8 T (NIAB ),TE (NTAB),J (NTAB),OSIG(NTAB ),N (NTAB ),TUP (NTAB )
* REAL 18 C/2 .997925D10/F’RAC,FRACI,DELT,DELTS
* C .OTO 10
* ENTRY TESTP I (T,TE ,J,OSIC,N,TUP,DELT ,FRAC ,NTAB,CH INV)

‘I * FRACI :2.DO/F’RAC
* R E T U R N
* 10 DELTS ZOELT*FR ACI
* DO 20 I:1,NTAB
* TUP (I):C*J (I)*J (I)*OSIC (1)*N (I)

- — * IF’ (DELTS*IUP (I).LE .TE (I))GOTO 20
* DELTS:TE (I),TUP (I)
* 20 C O N T I N U E
* DELT :FRAC*DELTS
* DO 20 I :i,NTAB
* TE(I):TE (I)+TIJP (I)*DELT
* 20 T (!):CHINV (TE (!))
* R E T U R N
* E N D
*

U S I N G  *,15
B T F I R S T  BRANCH A R O U N D  NAME , SAVE AREA E T C .
D C X ’ O5 ’
DC C L 5 ’ T E S T P ’
E N T R Y  T E S I P I

S - USING *,15
- I TESTPI B IF’IRST BRANCH AROUND NAME ,SAVE AREA ETC.
S DC X ’O6’

DC C L 7 ’ T E S T P I  ‘

AREA US i8F’ SAVE AREA
TDISP DC X’00004410’

- 
— TBND DC X’0000023O’

REGS DS 101 REGISTER STORAGE
CHOP 0.8 FORCE DOUBLE WORD ALIGNMENT

C DC O ’ 2 .9 9 792 5E 10’
TION DC X ’4519AEF’8FF9F9C 62’
FRAC DC D ’ O .’
F R A C I  D C D O .’
DELI DC D’O .’ 

S

1.1111 DC D’O. ’
W P I  DC D ’ O .’
FLOAT D C X’4 000000000000000 ’
*
* FIRST ENTRY POINT
*
IF IRST STM 14 ,12,12(13) SAVE CALLING ROUTINE ’S GPR’S

LR 2 , 1 3  R2  (: A DD R OLD SAVE AREA
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THIS PAGE IS BEST QUALtTY PakCDICAB~~
-
‘ 

FI~OM COPY FURNISH.E1) TO DDC

LA 13 ,AREA R 13 < z  A DDR NEW SAVE AREA
DROP 15 R 15  N O L O N G E R  BASE R I G

— USING AREA. 13 R 13 NEW BASE REGISTER
ST 2,4(13) LINK SAVE AR CA S
ST 13.8(2)
IN 3, 12.0 (1) R3—R 12 <: ADDR ’S ARCS
ID 0.0 (10) 10 <: FRAC
1 11 ,0( 1 1 ) RH <: NTAB S

ID 2. D’2 . I 12 ~~ 2.00SLA 11.3 R h <~ NTAB *8
STO O ,FRAC FRAC (LOCA L ) <: FRAC
SR 3.4 R3 <~ BASE I — BASE TE

S OUR 2,0 12 <~ 2.00/FRAC S

SR 5.4 R5 <: BASE J — BASE TI
STD 2,FRAC I FRACI <~ 2.00/FRAC
SR 6,4 R6 <~ BASE O S l O  — BASE TI
SR 7.4 R7 <~ BASE N — BASE TI
SR 8.4 R 8 <: BASE TUP — BASE TE
IA 0.8 R iO < 8 (INCREn1 ENT )
SR 1,10 RH <: 8~ (NTAB- 1)
AR 1.4 R h h  (: BASE TE + 81 (NTAB—h ) COMPARAND
SIN 3 .12 .RECS RIGS <: R3—R )2
1 3.4 (13) R 13 <~ A D O R  O L D  SAVE A R E A
LII 14 ,12 .12 (13) OPR’S RESTORED
SR 15.15 R1 5 <~ 0 (RETURN CODE )
TIV I 2(13),X ’FF’ INDICATE CONTROL RETUR NED
BR 4 R E T U R N
D R O P  3
USING TESTP,15

TFIRST STM 4,12.12 (13) SAVE CALLING R OUTINE’S CPR’S
• IR 2. 13 R2 <: ADDR OLD SAVE AREA

LA 13.AREA R1 3 (: ADDR NEW SAVE AREA
DROP 15 R 1 5 NO LONGER BASE RIG
USING AREA. 13 R13 NEW BASE REGISTER
ST 2.4 (13) LINK SAVE AREAS
ST 13,8 (2 )
IN 3 .i2 .RECS SET UP GPR ’S
ID 6.0(9) 16 (: DELI
MD 6 .FRAC I 16 ~~ DELT *FRAC I DELIS

LOOP ) LO 0,0(5.4) F’U <~ .3 (I)
NOR 0.0 10 (: J ( I ) 1 J ( I )
MD O .C 10 <: C1J (I)1J (I)
rID 0 , 0 ( 6 . 4 )  10 <~ C *J (I)1J (I)*OSIG (I)
M )  0 . 0 ( 7 , 4 )  10 < :  C*J (I)’$~J (I )$~OSIG (I)*N( I)
STD 0.0(8,4) TUP(I) <: C*J (I)*J (I)*OSIG (I)*N (I)
MDR 0.6 10 <~ TUP (I)~~D E L T S
CD 0,0(4) IF (DELTS~ TUP (I).LE .TE (1))
BNH ARND 0010 AR N D
ID 6.0(4) 16 <~ TE (I )
DO 6.0(8.4) 16 <z TE (I)/TUP (I) DELIS

ARND BXLE 4 .1O .IOOP I I <: 1+1 C GOTO LOOM IF NOT DONE
MD 6.FRAC 16 <: DELT S~ F R A C  D E L I
I -1 .REGS+4 ~4 ~~ B A S E  II
STD 6.0(9) PELT <: DELT S1FRAC

IOOP2 LU 0.0(8,4) 10 <: TUP (I)
MD 0.0(9) 10 ~~ TUP (1)’-DELT
AD 0.0(4) 10 < : TE (I ) + TUP (I)~~O E L T
STD 0.0(4) TE (I) <: TE (I) + IUP (I)10E11
IH 2.0(4) R~ (~ HIGH ORDER BYTES OF IE (i)
NyC FIUAT+1 (6),2 (4) FLOAT (: FRACTIONAL DISPLACEMENT
$ 2,TDISP REDUCE R2 BY TDISP N O W  ~ D O U B L E  W O R D S

* FROM BASE OF INTERPOLATION TABLES
LU 4 , F IOA T 14 <: F R A C T I O N  0 11 F R A C  LI 1
Bil LOWI IF RESULT NEGATIVE — .~‘IT OF RANGE

* GOT0 10141
C 2 .TBND COM PARE R2 TO IBNO 1” IREATER
BH H u E  OUT OF RANGE — GOT O HUE
SD 4,:D’ .5’ 14 <: X FRAC — .5 — .5 LI X LI .5
SLA 2.3 R2 (~ R2~ 8 N OW B Y T E  D I S P L A C E M E N T
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THIS PA GE IS BEST QUALITY PRAC1~XCABL~FROM COPY FURNI SHED TO D.DC 
—

* FROM BASE OF’ INTERPOLATION TABLE.
*

* NOW COMPUTE W E I G H T S  FOR CUBIC I NTERPOALTIO N OF
1 F U N C T I ONS OF I
I

LDR 2.4 12 <: X
NOR 4,4 14 (: X**2 X2
NOR 4,4 14 (: X 2 / 2
SD 4 ,: D ’ 1 . 12 5 ’  14 <: X 2 / 2  — 9/8

1CR 6,4 16 <: X 2 / 2  — 9/8
HPR 4 , 4  14 <: X2/4 — 9/ 16
MDR 6.2 16 <: X3 ’2 — 9X/8
L CDR 0,4 10 <: —X2 /4 + 9/16
A OR 0,6 FO (: X3i2 — X2/4 - 9X/8 + 9/16
STD O,14M1 ~4~i1 <~ WEIGHT F OR TABLE ENTRY CORRES POND—

- - * I N C  TO C L O S E S T  S M A L L E R  V A L U E  OF I .
LCDR 0,4 10 <: —X2 /4 + 9/16
S[’R 0.6 FO <: —X3 /2 - X2/4 + 9X/8 + 9/16
STD O ,W P 1 W PI <: W EIGHT F’OR TABLE ENTRY CORRESPOND—

* I N G  10 C L O S E S T  L A R G E R  V A L U E  OF T .
ADR 6,2 F6 (: X3/2 — X /8
AD 4,:D’ .S’ F-I <: X214 — 1/16

4 r~ i 6,:X ’4O55555555555555 ’ 15 <: X3,’6 — X/24
• ICR 0.4 10 <: X2/4 — 1/16

SDR 0.6 10 <: —X3 /6 + X2/4 + X/24 — 1/16
APR 6.4 16 (: X3/6 + X2/4 — X/24 — 1/16
MC 0.0 (12,2) FO ( W EIGHT ) I CHNV 1
MD 6,24(12,2) F6 (: I4EIGHT 4 * CHNV4

S LD 2,t~N1 F2 (~ 1414I6 HT2
A DR 0.6 10 <: I41 ICHNV 1+W 4*CHNV4
LD -I. t.JPI F4 <~ 1~E I G H T 3
MD 2 .8 (12,2) F2 <: 142*CHNV2
MD 4, 16 (12.2) 14 <: W 31CHNV3
A DR 0.2 10 <: W1* CHNV I+W2*CHNV2 +W4 *CHNV 4
APR 0.4 10 <: INTERPOLATED VALUE OF’ CHINV (TE (I))
STD 0.0(3.4) 1(I) (:CHINV (TE (1 ))
BXLE 4 .IO.LO OP2 I< :I+h C 0010 IOOP2 IF NOT DONE
B A R N D 1

LO WT SID 0,0(3,4) 1(I) <~ 11(I) (FOR I ( 4096 K)
BXLE 4 .10.LOOP2 I <: 1+1 AND 0010 LOOP2 IF’ NOT DONE
B A R N D 1  6010 A R N D 1

NI lE SD O. IION 10 <: TE (I) — lION
HUR 0.0 F’O (~ (TE(I)—T ION )/2 .DO
STO 0.0(3,4) 1 (I) <~ (TE (I)— TION) /2.DO
BXLE 4,1O .IOOP2 I <: 1+1 AND 6010 LOOP2 IF’ NOT DONE

ARND1 1 13,4 (13) R 1 3 <~ A D D R  O L D  SAVE A R E A
IM 14 .12 ,12 (13 ) GPR’S RESTORED
SR 15.15 R 1 5 <: 0 (RETURN CODE )
MV I 12 (13 ).X ’F’F ’’ INDICATE CONTROL RETURNED
BR 14 R E T U R N
E N D

85

__________________________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ ‘ _ ~~~~~~~~~~~~~~~ _ ;



Fr— ~~~~~~~~~~~~~~~~~~~~~~~~~ 
--- -- -- -:-- -—— :- - --=“ -

~~~ 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 7

5-S5- ~~~~~~~~~

THIS PAG~ IS REST ~UALITYP C~ ICA~L1
FROM COPY FURN I SH~D Ti) DDC

T O U T

TOUT CS E CT
- I

* ROUGHLY EQUIVALENT TO THE THREE FORTRAN SUBROUTINES BELOW.
* NOUT OPENS LOGICAL UNIT 9 (11091001) AN D DOES THE OUTPUT
* OF THE SUBROUTINE NOUT. THE PARAMETER NIAB IS PASSED
* BY ENTRY POINT NOUT AND THE NTAB IN THE CALLING SEQUENCE
* TO T O U T  IS I G N O R E D  BY T H E  A S S E M B L Y  L A N G U A G E  V E R S I O N OF
* THESE ROUTINES. FORTRAN CLOSES DATA SETS IT KNOWS ABOUT
* BUT FORTRAN I-mN’T KNOW ABOUT THIS DATA SET SO CTOUT MUST
* BE CALLED BEFORE THE STOP STATEMENT IN THE MAIN ROUTINE.
* THE FORTRAN ClOUT DOES THE SAME THING — I .E. II CAUSES A
* CLOSE TO BE ISSUED FOR THE DA TA SET REFERENCED BY THE
* DONATI E 11091001. USES QSAM UNDER OS/VS2.
*
*
*****************************t ********1**-*1*** t**l~-l 1
* * ** * * * * * * * * * * *i *l * * ~~t* N O T E  *t *- s *~~ * * * s - * *_ s~* ****  4 *4 * 1*  4 t* ** * $ - * t * *

* * I * 1* * * * * 1 * 1 * * * * 1 * * *11 * I I * *1 * 1 * 1*111 * 11 * * * 4111 *11 * 1 * * 1*1 * *11 * I t
1*1* *1*1

NOUT MUST BE CALLED BEFORE TOUT IF TOUT IS TO *1*1
W O R K  S I N C E  NOUT SETS UP AN A R E A  W I T H  T H E

*41* R E G I S T E R S  T H A T  T O U T  USES — T H I S  MA K ES S E N S E
IN THIS A PPLICATION (NOUT IS ALWAYS CALLED *5 4 *

1*1* FIRST ) BUT MUST BE CHANGED IF NO UT IS NOT TO BE 4*5,1

*1’S-I CALLED BEFORE TOUT 1-5- -s-I
*4*1 1*5*

*11*1*1 1****t1******

*
*

• *
* SUBROUTINE NOUT (EFLUX , PSIO, FRAC ,TIMMAX ,N IA B.N ,S )
* IMPLICIT REAL 48 (A—H .O— Z )

REAL 1 8 N(NTAB ),S (NTAB)
*9001 F O R t ’ A T ( l O A S )
* WRITE (9 .9001)EF ’IUX.PS IO .F’RAC ,TIMMAX ,NTAB
* WRITE (9.9001)N
* WRITE(9,900h)S
* R E T U R N
* E N D
*
* SUBROUTINE TOUT (TIM ,T,J ,DE IT . IITER ,NT A B )
* IMPLICIT REAL 18 (A-U.O—Z )
* REAL18 T (NTAB ),J (NTAB)
*9001 FORMAT (IOA S )
* W R ITE (9, 9001 )T IM ,DELT ,IITER
* WRITE (9.9001)T
* WRITE (9,9001)J
* R E T U R N
* E N D
*

* S U B R O U T IN E C l O U T
* END F I L E  9
* RETURN
* END
*

USING 1.15
B WF IRST BRANCH AROUND NAME . VARIABLES , SAVE AREA

* A N D  O T H E R  E N T R Y  P O I N T S
DC X’04’ LENGTH OF ’ NAME
DC CLS’TOUT ‘ NAME
ENTRY NOUT

• USING 1.15
NOUT B OFIRST BRANCH AROUND NAME . V ARIABLES. SAVE AREA
* A N D  O T H E R  E N T R Y  P O I N T
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THIS PAGZ IS B~~T QUALITY PRACflCABLX
~~ OOPY Ftfl~NISHED T~ F)DC

DC X’04’ LENGTH OF NAME
DC CL 5 ’ NOUT ‘ NAME
USING *,)5
ENTRY ClOUT

ClOUT B CFIRST BRANCH AROUND NAME , VARIABLES AND AREA
DC X ’O5’ LENGTH OF NAME
DC CL5’CT OUT’
D R O P  1 5
US ING AREA .1 3

AR EA OS 18F SAVE AREA
BUF OS 201 OUTPUT BUFFER (ONE CARD — WE USE QSAM )
BLNCRD DC 20CL4’ ‘ A BLANK CARD — I’M LAZY
TEN DC F’ l O ’
L110v3 MVC BUF (1),O (3) TO BE EXECUTED BY AN EX
LMOV 4 MVC B U F ( 1 ) . O ( 4 )
SR E G 05 51

DROP 13
USING CTOUT ,15

5

* C T O U T
*

CFIRST SIN 14 ,12 ,12 (13) SAVE CALLING ROUTINE ’S GPR’S
4 IR 2.13 R2 <: ADOR OLD SAVE AREA
• LA 13,AR EA R 13 <~ A D D R  N E W  SAVE A R E A

D R O P  1 5 R 1 5  NO L O N G E R  BASE RIG
S USING A R EA ,13 R 13 NEW BASE REC

ST 2,4(13) LINK SAVE AREAS
ST 13,8 (2)
C L O S E  I U 9 D C B

*

* R E T U R N  SE QU E N C E
• *

1 13.4 (13) R 13 < ADOR OLD SAV E AREA
IN 14,2,12 (13) GPR ’S RESTORED
SR 15 ,15 R 15 <:0, RETURN CODE
MV I 12 (13),X’FF ’ INDICATE CONTROL RETURNED
BR 14 R E T U R N
D R O P  13

*

‘ * NO U T ( E F L U X , P 5 I O , F R A C ,T I M MA X , N IA B . N , S )  S

*

USING NOUT ,15
OFIRSI SIN 1 4.12.12 (13) SAVE CA LLING R O U T I N E ’ S  G P R ’ S

IR 2, 13 R2 <: ADDR OLD SAVE AREA
LA 13 .AR EA R 13 <: ADDR NEW SAVE AREA
DROP 15 R15 NO LONGER BASE REG

• USING AREA .13 R 13 NEW BASE RIG
ST 2.4(13) LINK SAVE AREAS
ST 13,8(2)
IN 2,8,0(1) R2— R8 <: ADDR’S ARCS
OPEN (LU 9 D C B . ( O U T P U T ) )
MVC BUF (8O).BLNCRD FILL BUFFER WITH B~ ANK S
MVC BUF’(8).O (2) FIRST 8 BYTES OF BUFFER <~ E F L U X
MVC BUF +8(8),O (3) 2ND 8 BYTES OF BUFFER <: PISO
IIVC BUF ’+h6 (8),O (4) 3RD 8 BYTES OF BUFFER <: F’RAC
live BUF’+24 (8).O (5) 4TH I BYTES OF BUFFER <: TIMMAX
MVC BUF +36(4),O (6) 2ND HALF OF 5TH 8 BYTES OF’

* BUFFER (: NTAB
PUT LU9DCB,BUF WRITE OUT 1ST RECORD
LR 3,7 R3 <: BASE ADDR N
LR 4,8 R4 <: BASE AD OR S
1 7 ,0 (6 )  R7 <: NTAB
SR 6.5 R6 <: 0
D 6,TEN R6 <: REMAINDER OF NIAB /lO

* R7 <: INTEGER PART OF NTAB / 10
LR 5,6 R5 <: REMAINDER OF’ NTAB /1O
II 6,T(N R7 (: (NTAB /1O )11O INTEGER MODE

* * CARDS — 1 (UNLESS NTAB ENDS IN 0)
SIL 5,3 15 <~ REMAINDER NTAB /1O * 8
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THIS PAGE IS BES1~ Q~J~AIi1TY F LCTLC~~~~
F1~~i COPY FURNISHI.D TO DDO _...—

SLL 7,3 R7 <~ (NTAB/1O )110 * 8
* * BYTES IN * CARDS — 1

LA 6 ,80 R6 <~ 80 ( INCREMENT FOR LOOP)
IR 2 ,3  R2 < BASE ADDR N
LA 4 . 0 (4 )  HIGH BYTE OF’ BASE ADDR S ZEROED

• SR 7,6 R7 <: (NTAB/1O — 1) * 80
STN 5,7,SREG SAVE INCREMENTS AND OFFSET FOR COMPARAND

- 
- STM 6,7,SREG +12 1140 COP IES OF ’ INCREMENTS AND OFFSET

AR 7,3 R7 <: BASE ADDR N + ((NTAB /1O)—1 )180
LOOP ) MVC BUF (8O).O (3) PUT NEXT 80 BYTES IN BUFF ’ER
* A N D  W R I T E  T H E M  OUT

PUT LU9DCB,BUF
BXLE 3,6,LOOP1 KEEP GOING TILL WE’RE DONE
ITR 5,5 CHECK IF ’ NO MORE THINGS TO WRITE
BZ ARND 1 IF’ NOT DON’T WRITE OUT ANOTHER CARD

* B E C A U S E  F O R T R A N  W O U L D N ’ T
MVC BUF (8D ),BLNCRD FILL BUFFER WITH BLANKS
IX 5,LIIOV3 MOVE IN LAST FEW (<10) VALUES

* A N D  W R I T E  OUT LAST C A R D  FOR N
PUT LU9OCB ,BUF

ARND 1 SR 7,2 R7 <: (NIAB/1O — 1) * 80
AR 7.4 R7 <z BASE S + ((NTAB/10)—1 )18O

IOOP2 MVC BUF (80),O(4) PUT NEXT 80 BYTES IN BUFFER
* AND WRITE THEN OUT

PUT LU9DCB ,BUF
BXLE 4,6,LOOP2 KEEP GOI NG TILL WE ’RE DONE
LTR 5.5 CHECK IF NO MORE THINGS TO WRITE
BZ A R N D 2  I F  N O T D O N ’ T  W R I T E  OUT A N O T H E R  C A R D

* B E C A U S E  F O R T R A N  W O U L D N ’ T
MVC BUF’(80),BLNCRD FILL BUFFER WITH BLANKS
EX 5,LMOV4 MOVE IN LAST FEW (<10) VALUES

* AN D WRITE OUT LAST CARD F’OR S
PUT LU9OCB,BUF ’

*

* R E T U R N  SE Q U E N C E
*

ARND Z 1 13,4 ( 13)  R 13 <: AD DR OLD SAVE AREA
IN 14 ,8,12(13) GPR ’S RESTORED
SR 15 ,15 R 15 <: 0, RETURN CODE
MV I 12 (13),X’ FF ’’ INDICATE CONTROL RETURNED
BR 14 R E T U R N
D R O P  13

*

* T O U T ( T I M , T , J , D E L T , I I I E R , N T A B )  WE I G N O R E  LAST P A R A M E T E R
*

USING TOUT ,15
WFIR ST SIN 1 4 , 1 2 . 1 2 ( 1 3)  SAVE CALLING ROUTINE’S GPR ’S

IR 2,13 R2 (: ADDR OLD SAVE AREA
IA 13 , A R E A  R 1 3  <: ADDR NEW SAVE AREA
DROP 15 RiS NO LONGER BASE REG
USING AR E A , 13  R 13 NEW BASE REG
SI 2,4(13) LINK SAVE AREAS
ST 13 ,8(2)
IN 2.6,0(1) R2— R6 <: AD OR’S ARC’S WE USE
MVC BUF ’(8O),BLNCRD FILL BUFFER WITH BLANKS
NVC BUF (8),O(2) FIRST 8 BYTES OF BUFFER (: TIM
NVC BUF +8(8).O (5) 2ND 8 BYTES <: DELI
FIV C BUF’+20(4),O(6) 2ND HALF ’ 3 8 BYTES <: lITER
PUT LU9DCB ,BUF
LII 5,9,SREG R5—R9 <: NUMBER OF VALUES ON LAST CARD FOR

* I A N D  .3 AND INCREMEN T S AND COMPARANDS
AR 7 ,3  R7 <: CO FI PARAND FOR LO O P3

• AR 9 ,4 R9 <: COMPARAND FOR LOOP -i
IODP3 MVC BUF ’(8O),O (3) PUT NEXT 80 BYTES IN BUFFER
* A N D  W R I T E  T H E M  O U T

PUT LU9DCB ,BUF’
BXLE 3.6,LOOP3 KEEP GOING TILL WE’RE DONE
LIR 5,5 CHECK IF ’ NO MORE IHINGS TO WRITE
BZ IOOP4 IF NOT DON ’T WRITE OUT ANOTHER CARD
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* BECAUSE FORTRAN W O U L D N ’ T
MVC BUF (80),BLNCRD FILL BUFFER WITH BLANKS
EX 5 .LMOV3 MOVE IN LAST FEW (<10) VALUES

* AND WRITE OUT LAST CARD FOR T
PUT LU9DCB.BUF

LOOP4 MVC BUF (80),O (4) PUT NEXT 80 BYTES IN BUFFER
* AND WRITE THEM OUT

PUT LU9OCB .BUF
BXL ( 4.8.100P4 KEEP GOING TILL WE ’RE DONE
n y c BUF (80).BLNCRD FILL BUFFER WITH BLANKS
LIR 5,5 CHECK IF NO MORE THI NGS TO WRITE
BZ ARND 3 IF NOT DON ’T WRITE OUT ANOTHER CARD

BECAUSE FORTRAN W O U L D N ’ T
EX 5.LM OV4 MOVE IN LAST FEW (<10 ) VA LUES

i AN D W R I T E  OUT LAST CARD FOR J
PUT LU9DCB,BUF

*
* RETURN SEQUENCE
*
ARND3 L 13 .4 (13) R 1 3 (~ A DUR OLD SAVE AREA

IN 14,°.12 (13) G PR’S RESTORED
SR 15 ,15 R 1 5 <~ 0. RETURN CODE
Mvj 12 (13) .X ’Ff’ IN DI CATE CONTROL RETU RNL D
BR 14 RETUR N

IU9DCB OCB DEV D~ DA,NACRF~ PN,DS flRGzPS .RECFN~FB,LR [C1:8O,DDNAM(~ FTO 9FOD1
END
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Appendix II

STEAI)Y STA’I’E MODE L OF ‘1’Ill~ SOLAR A I’MOS PIW1U~

We have cons t ructed a s teady st a t e  numer ica l  model of the solar

atmosphere. The model was developed to investigate the effects of upward

velocities and d iverging magne t ic  f ie ld  patterns on the  temperature and

density structure of the solar atmosphere; however, for this work the

model is used only to provide reasonable temperature and density profiles

for the estimation of the effec t of reverse current heating on the atmo-

sphere. The computer program calculates the run of temperature and

density in an individual flux tube.

The equations governing the behavior of an inviscid compressible

fluid in the presence of gravity are

V (pt) 0 , (13.1)

~T ~ 
• (øi~i) — pg (ii .~~)

(oc) + v (pea ) = — • q — u — £ + S , (u.s)

where ~ is the to t a l  i n t e r n a l  energ y per unit mass , q is the heat

f l u x , g is the g r a v i t a t i o n a l  accelerat ion, £ is the energ y lost v ia

radiat ion, and S is the sum of all o ther  non—therma l energy sources or

sinks. For flow along a magnetic flux tube, considering variation only

along the field lines and assuming the rad ius of curv ature of t he f ield

lines to be large compared to the dimens ions of t he f lux tube, we see

that the equations become one—dimensional. If we add the definition of

the heat flux and an equation of st~ite to Equations (n.1).-(i;.3), we may

~~~~ : ________________________________________________________________
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pressure. We choose as our dep endi ’iut  van  ah les q 

~ 
‘1’ , u and a ,

the number dens i ty  of hydrogen nuclei  and r ewr i t e  (u .~ ) — ( B . ’1) in a form

more convenient for n u m e r i c a l  s o l u t i o n :

(~~~)

dn j m H :‘ dr¼ dl ’  I ( l +X ) n k  nkT

~~~(1+X ) K T ”
~~) ~~~A d s d s {~ m

11 
~

(13.

= — £ ~ S — ~~~~5nk ~~
-

~
- 

[~i.÷X ’
~ s k ’I’ — ’I’~ ) ~ (1~~X )~~’i’ t . 

¶~1~ — (1 ~

(u.ll)

n u A  c o n s t a n t  (B. l~ )

where m
H 

is the mass of a hydrogen at  out , X is the f r a c t i o n  of hydrogen

nuclei  t ha t  are ion iied , a tid ‘l’~ is t he by tI 1’ogen i oni i .at io n ene rgy

expressed as a temperature, ~~- 1. ~ x 1~~ 
- 

K. Eq u a t i o n  ( L I . 1~~) is the inte— 
—

g ral  of Equa t ion  (B .  .* ) ,  we need o nly  sol vi- th ree  ii rs t order o rd ina ry

d i f f e r e n t i a l  eq ua t ions to c a Icu tat e the  run of t empe i’a t a re  and d e n s i t y

in a f l u x  tube.

We have wr i t t e n  an a s s e m b l y — l a n g u a g e  subrout ine, to execute on h I M

3’0 or 370 series computers, to e v a l u a t e  the  q u a n t i t i e s  , and
dq ~~ S

, given A , ~~~~
. , g , S , ii , ‘I’ and q • This subroutine may

be used with a s tandard l i b r a r y  o rd ina ry  d i ff e r e n t i al  solver, or as we

have done w i t h  one coded s p e c i a l l y  f o r  t h i s  problem. ‘l’lw quantities

, x , , £ , A , g , -i.—. , and S arc  t abula ted  as a function of T
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Jfld s , and the v’s list’s foi’ ii l)flrt ict i 1 at’ T or s arc computed by a

cu b it ’ i n ter p o l a t i o n  scheme s im i l a r  to the one described in Appendix  A.

The subrou t i t i e  a-c h~ vt ’ w ri t ten to  solve the coupled se’ t of ord ins ry

di f t er e nt  is  I ex it lu i t  ions i, II .  ~i) — ¼ ~~~. U) USe’S 41~i A(l LttflS — i t t i s l i l o r t l i— M o ul  ton

t’ou r t h ordc i~ Ii ne’a i’ mu itt 8 t ep iii  t eg r a t  ion scheme ¼ set’ t sit aeson and Ke11 z~

• ‘
~ wi t Ii a fount lv orel en Rung e’ — Ku t t a scheme wit Ii a sins lien st t’p ~1 ‘c)

to  ‘‘ s t a r t  up ’’ the  Ii nt’a n usa itt st e’p sue t  hod and prov jilt’ I ut e nuedi ate v-a lui’s

when hat lvi ug t lit’ step s t .‘c • The’ rots t i liC Vt ’ t U 1’ils t lie v a  I ui’s of I , a

q atisel us at  t n t  c nv -a Is 1’ ron t h e  st art tug poi sit s pet’ iii i’d by t h e  ; ‘ a Iii ng

• 
I 

prog ram anti reduces the step si it ’  or i iw i’east’s i t  accord ing  t ii t lie

reques ted a t-cunacv . Th e’ pre’ t abu in t t ’tt (Itittil t itt i ’S a I~C react in  b ( In’ ~~* i n

p rog rain w h i c h  a iso i’;’ads in  s t a r t  i ug v’s tise’~ , cal Is thit’ si lt f er e n t  is!

t’q ua t I on sot  v- i’ r and w ni ti ’s out t h e  rests Its of t he’ t n t  e’g nu. s ( l o u t

The downward lwa t f lux i n t lie corona above an ac t  iv’c region is

I ¼ Noy;’s ~~- 1 - 
• Si nec t lie t hern ia l condtic t iv’ It y of t lie so lar  plasunti

15 5 51 ~0fl~ t t i t i t ’t lots oh t e lupera tur e  ç’~ T ) , this heat 1’ lax must tie

L a nge~ I y radiated awn ali;vv ’t’ t h e  low chrosnospheri’ . We’ have ’ t he choice of

st  .sr t i ng at t Ii oUt lii i tin 1 v’a I tics win’ re I he hea t f lux  is in rgc’ ~ in the

co r olial )  and (‘a lea last ! ng t he so Its t lotus to  a region where’ t he’ heat  f l u x  is

sina 1~ ¼ t he cli roiuuos p1w’ re’~ , or proceeding in  t h e  re’v’erse d i r e c t i o n  from

hi’ region abe’ i.e t hi’ hea t f l u x  is s m a l l  . I t  is wel l  known t h a t  t h e ’

1st t er  choice’ is prcfensthlc num ei ’ I ea l iv  t~Acton 1.’~ v k , Isaacson and Kel ler

t -~~ . Flit s Is hasten I Iv be’t’rtise the nume rical ‘alculat ion proceeding

f rom t he  reg i on of In rge he’U t flax to t he rvg ion of ~~~ I i  heat  flax is

not a “ vi cit posed ’’ ~irob len I sai at t ’son and K e l l er  1- ~ -~ ) s ince  a small

r i ’L at  lye changi ’  I n  t he’ t n t  ( t a t  v a l u e  ci t  t h e  heat f l u x  can t’aust’ a large

~i -~
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relative change in the final valu e . W e therefore sisal! choose our

starting point near the temperature minimum.

There are three major difficulti es wit h starting the calculation

below 3 X The first is tha t the atmosphere becomes optically thick

and therefore the radiative losses cannot be calculated simply. Second,

the radiative loss function calcula ted by Raymond is not tabulated below

T.O
F
K. Third , the approxima ti on that th e atmosphere is purely hydrogen

breaks down as the fraction of ionized hydrogen becomes very small

because the electron density (which appears in the expression for the

radiative losses) is grossly underestimated by (A.~~) , since the major

contribution to the electro n de nsi ty is from trace elements with low

ionization potentials (e.g. Na). However , for the purposes of this work,

we only need a model that represents the overall structure of the atmo-

sphere reasonably well. This is particularly true since (ef . Chapter 3)

• the calculation of the h eating of the’ cool dense portions of the atmo-

sphere by the reverse current is not accurate after the first few tenths

of a second due to t h e  neg lec t  ol’ (‘oulotub cot  li s ions . We do not a t tempt

a solution of the r a d i a t i v e  t r a n s f e r  problem.  We use a power law extra-

polat ion of Raymond ’s (i ’v~’ )  r a d i a t i v e  loss c o e f f i c i e n t .  We also use

Equation (A. l~) to find the electron density . The fa c t  t h a t  the atmosphere

is not optically thin is compensated fo r  by the underestimate of the

electron densi ty. We have extrapolated Raymond ’s (i~r~t~) radiat ive loss

function with a power law above and below the tabulated range

(i ~10~ -T l0’~K). For the hi gh temperatures above ‘I’ l~~~K , th i s  should be

• •~~ a reasonable approximation since the losses fo r  these temperatures are

almost completely due to the rma l breniss trnhiung and therefore should vary 

— - - - -  • -—-~~~~~ -- -—-~~~~~~~~~
-
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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as — T112 however, these temperatures are not of importance in the

present calculation. The power law extrapolation below 1O~ K is purely

ad but the range over which extrapolated values are used is sma ll

(.... a factor of 
~~) 

and the calculation of radia~ ive losses for these

temperatures is at best approximate in any event . The resulting tempera—

ture and density profiles resemble the solar atmosphere in overall

structure . Since the atmosphere varies from active region to active

region, this should provide an adequate representation for the purposes

of the calculations of Chapter 3.

• To produce the model used (see Chapter 3), we integrate up from

near the temperature minimum (T = 1~2ooK, n=1.1c~~. X lo~~).  The heat flux

and velocity are taken to be zero at thi s point . No non—thermal energy

input was included in the calculation . The resulting temperature, den—

sity and heat flux at the top of the model (corresponding to the injection

point for the beam in Chapter 3) were T=3 x 1O~ , n=1 X 1O9 cm 3 and

F~~- .3O X 1O~ erg cm ’ s
1
, in reasonable agreement with the values given

by Noyes (1)71).

Listings of two main programs and several subroutines are provided

for the sake of completeness. The first main program and associated

subroutines produce the tables that are required for the cubic interpola-

tion . The second main program reads in starting values for the solution

of the coupled set of differential equations and writes out the results

both as tables suitable for people to look at and (if desired) for

machines to read . The subroutine ABMINT is the differential equation ‘

solver described above. The present version is in FORTRAN and is cer-

tainly adequate for the purpose of this work. An adaptation of the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—
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present main  prog ra in to  so I v_ c’ a bous ida  I’ v s  tue ’  prob tests ra t ’w’ t~ t ban an

In i t i a l  va lue  prob lesus W efli Id absent t he’ yea it Ii of (‘roesus) require this

rou t ine  to be hand cod ed . The assembly language  subrou t ine  DIVF calcu-

lates the  quant  i t ie s  stee’ded by -IBM! N ’I’ to i n t e g r a t e’ t he differential

uquat ions.

I .  
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THI S PA Q~E IS ~!ST QUALXTY PRACIIC&BLZ
• ThJM COPY FURZ-U.SHED TO 1~DC

T A B U L A T I O N  ROUTINES

IMP LIC IT REAL ’S (A-- H .O- ’~
REAL ’8 G (S~~O) .DADS (~~~U ).SI1RLS2O ).ONEK(82O).CHI (82O ).DCHI ( 8 2 0 ) ,

- A ( ~ 20) . I. UM ( ~2 01 . T ST ~~~
‘ 4 4 1  LW000II00000 ( lO/ . (IT • Z4 3 100000000000110/ ,

• SST/Z4 ‘ 1 ’ O I U U I 0 7 0 : 0  ‘,OS - :4~ 100000000000110/
C -’7N ‘ r- ;R-~M- - F R A C . A M P . S C A L E

9001 F C R T ’ A T ( 1 0 - ’ 3 )
5001 F O R T ’ I T ( 0 1 3 . 6 )

C
C T H I S  r R c c - R A M  C A L C U L A T E S  S E M I — L O G A R I T H M I C  I N T E R P O L A T I O N

T A j 1~~F S  F O R A S 1 [ A O Y  S T A ~~[ r’~l D E L  OF T H E  PLASMA IN A M-’c c - N E T I C
O F L U X  f l U E  ( ‘ N O E R  T E  I~~I I U ( N , E OF G R A V I T Y . F O U R  F 1’NCT IONS
C OF T ( ~ ’P: R A L I R E ANO F O U R  I ~ ‘~C T I ( N S  OF S ( D I S T A N C E  A L O N G  T H E
C F L U X  T O O L  R O M  T H E  S iN S S~iRF A C E )  A R E  T A B U L A T E D .  T H E
C F U N C T  I O N S  01 T E M P E  ‘T ‘~T U ~~E & T ARE
C
C T H E  IN’~E R S E  OF T I L E  T H E R M A L  C O N D U C T I V I T Y  ( O N E K )

~~ RA P L A T  I v I  LOSS C O L E  F I C I E N T  (Lull )
C T I  I I ON I.~ A l l ’ N  I R A C  T I  ON ( C U ! )

4 0 T h E  O E R I ~~- \ T I V !  OE T I E  I O N I . T A T I O N  F R A C T I O N  ( D C H I )
C

THE F U N C T I O N S  OF S A R E :

C T ’ I E  F L ~RC E OF G R A V I T ’ ~ A L O N T T  T H E  TUBE ( 6 )
C 1 ’ F A R ~~A O ’  T~~[ I I U F  I A )
C T H E  L - I I E I T I I C  O F R I V A T I V E  OF T H E  A R E A  ( D A D S )
C T I l E  ‘~ T~~L T ~. MAL E N E  R O Y  l N s ’U T (S I1R)
C
C T H E  T A  ~A T I O N  R A N C E  IN T F M I ’ E R A T U R E  IS 4 O O c . E 3  — 6 . 7 1 E 7  ( K ) .
C T U E  T A O O L A T I I ’N ~~~~ IN S IS 1 . 6 L~ 

— 2 . 7 S E 1 1  ( C M ) .
C
C T H E  T A B L E S  A R E W R I T T E N  ( ‘ UT TO F O R T R A N  L O G I C A L  U N I T  9 AND T H E
C PR O G R A M  R E 4 ~’S IN 0- 1 1 V A L U E S  01 1 E M E ’ E R A T U R E  AND R A D I A T I V E
C L O S S  C - ’ T F I C ! E N T  (~~A s~ ’ Nr .  F’R I V A T E  C OM~’ V N l C A T l O N )  USED T O
C T A D I L A T E  T H E  R A D I A T I V E  LO S S  C O F F I C I E N T .

C THE P R O G R A M  A L S O  R E A P S  iN S E V E R A L  I ’ A R A M E T E R S  T H A T  C H A R A C T E R I Z E
C THE FLUX TUBE AND T H E  N O N - T H E R M A L  E N E R G Y  INF’IIT :
C
C F R A C :  T H E  A R E A  OF THE F L U X  TUBE IS ( ( D + S ) / D ) * t 2  W H E R E
C D IS F R A C  T I M t S  A S O L A R  R A D I U S .

C A M P : T H E  I N T E G R A L  01 T H E  N O N - T H E R M A L  E N E R G Y  D E P O S I T E D  IN
C A F L U X  T I D E  OF C O N S T A N T  A R E A  IS AMP ( E R G  PER CMi’t Z PER S E C ) .
C
C S C A L E :  T H E  FORM 01 T H E  N O N - T H E R M A L  E N E R G Y  INP(I T IS
C (COSI (S PI)/~~2$S C-’,t E ) ))*$ FOR S LESS THAN SCALE
C AND Z E R O  F I R  S C R E A ~~ER 111AM S C A L E .  S C A L E  IS INPUT

• C N S O L A R  R A U 1  1 !NPII T OF 1. M EANS S C A L E  IS ABOUT 7. E 10 C M) .
C
C
C I N I T I A L I Z E  TABLES :
C

00 1 I~~1. 82 0
6 ( 1 )  0 - DO
D A D S  ( I )  - Ii DO
SOR (1): 0 . DO
A (1) 1 . P 0
ON EK(I ) - ,1 . DO
C H I ( I)  = 0. 011
DCHI  ( 1 )  0 .0 0

1 L U M( I ) ~~0 . D O
C
C R E A D  IN P A R A F ’ 1 T E R S
C

READ ~ 5 . 5 0 0 1  ) F R A C

97
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~~- .  _ ,~~~

- - 
~~~~~~~~~~~~~~~~~~~~ 

• - -  - • —  — —— — — -- -.-- -— — - .‘ — 
-~~~ -.~~~~~~~~ • - -~~~~~~~-~~~~~~~ ~~~~~ - • —~~~~-•- -—--~~~-—-—- - —--.-- —--~~~~~~~~~~~~~~~~ 

-



~~~~~
- -

~~~~~~~ 
. ,

~~~~~
— - - ~~~~~~~~~~~~ • Th: ~~~~ - ——-~~~~~ ~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~ ---- ,- -‘r ~r ’~

L

THIS PAGE IS BEST QUA3~IT’i F LCILC.~.~~~
YIWM coil F1J1~N 1~iUEI) i’O D!)C .~_ —

-

REA D ( 5. 5001) AM P
READ (5. 5001 )SCALE

C
C CALCULATE FUNCTIONS OF TEMPER ATURE :
C

00 20 1 :1,3
T T S T — D T
K:( 1— 1 )  *256+1
00 10 J : 1 .2 4 3

CHI (K):F CII I (1
OCHI (K ):FDCHI (T)
ONE K (K ) F K A P ( I )
L 1 M( K) : F L I M(  I)
1:1+01

10 K : K+ 1
TST :16 00*1ST

20 DT 16.DO *DT
1 : 1S T — C T
DO 30 K 769.~~20

C II I (K ) :1CHI IT)
DC III (K) FDCH I (1)
CNEK (K):FKA ~~(T)
LU”t ( K )Z F L U M ( T)

30 1:1+01
C
C CALCULATE FUNCTIONS OF S:
C

00 50 1:1.3
S : S S T — D S
K:( I — I )  2 5 6 f  I
DO 40 J :1 ,2~13

G (K):FG(S)
A(K) :FA (S)
DADS (K ) DADS (S )
SOR (K):FSOR(S)
S:S+DS

40 K : F < +1
SST : 1u OC~~SST

50 D S : 1 6 . P C ’ P S
S : SST - D S
DO 60 K : 7 6 9 , 8 2 O

6(K) 16 (S)
A (K):FA(S)
DAI? S(K):FOADS (S)
SC’~~(K) FSOR(S)

60 S :S+DS
C
C WRITE OUT TABLES :
C

I4RITE(9 .9001)G
..R.I TE (9. 9001) flA PS
I.~R ITE (9.90O1)SOR
WR!TE (9.9001)A
L~RI TE (9.9001 )ONEK
I4R ITE (9. 9001 ) LU M
W R I T E  (9 .  9001 )  CH I
W R ITE ( 9. 9001 ) D C H I
S T O P
E N D
REAL FUNCTION FCH I~~8(T)C

C THIS FUNCTION CALCULATES THE IONIZATION FRACTION AS A FUNCTION
C OF THE TEMP ERATURE (I). THE ION 1 ZAT1 11N FRACTION (1CM!) IS
C DEFINED AS NE/ (NH+Nr ) W HERE NE IS THE NUMBER DENSITY OF
C ELECTRONS. AND NH A ND NE’ ARE THE NUMBER DENSITIES OF’ HYDROGEN
C ATOM S AND PROTONS R E S P E C T I V E L Y .  SEE MOORE AND FUNG. SOLAR
C P H Y S I C S  23 (19~~2).78-1IT 2 FOR FORMULAE.
C

IM PL ICIT REA L~~S (A—H .O-Z)
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THIS PAGE IS B~~ T QUALITY PRLCI’I CAB~ Z
Th)M COPY F .FJUSB.~ L) iTO DDC ~~~... .--

P A T A ON! 3: .~C O E ~~~~-~~5 E~5 !-S’ .5 ’
C~~~” N F ’ [ T A . ( [ F T A . 3 l 3 . T [ ~ T ! 1 , T [ M p 2 , T C H l , ( I
Dl T A :T  •

E0 TA E\P ~~E’E~~A)5 1 3 - B E T A ’  ‘ O N E  3
TEM :-1 :J 4CS’~ ~L OPL ’’Pt G (E’! TA )+ .4b’~8D11’B 13
T I —j : ’  - .‘ 7 - ‘ A S-’:’ I ‘ F U I T A
T CI I I :1, [‘O i( l . 0 0 —  T E  M’ .’

C” ¶ C H I
F TI ; N

[1,3
R E A L  F U N i T  T - . S  O CHI ‘8(T)

C
C THIS F UN C T SN OA L C I ! [ - ’ T E S FIF E D E R I V A T I V E  OF THE IONI ZATION F R A C T I O N

(2 DIII / (1 1 A S A IN C TI ON OF T L M ’ E  R A T  O RE ( T ) . SEE FUNC T ION FCH I

:M ”LIC ~~T ~‘E A L ’~ (A ~5 . : ’ -
.

‘~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
F [ C ’ f  I T -C o 0 . T~~~ T r , 1 1 T C H 1 F ~E I A I B E T A $ E D E T A ~~( ( 1 . D O + 8 E T A ) * T E M P 1
+ I . - 1 E’ L- f. D O ’  UI  3 1 1
R E T ~
R E A L  F 0 N C T ~~O N F ~~ -~- ’ S ( T )

C
• C T H IS F U N C T  !O ~ S A L - CU E A I lS  I’! INL F R O E  111 TU E T O T A L  T H E R M A L

C CoN:~O C 1 I . : T t  AS A !~~N CT ~~ON u~ T F M ~~E R A T U R E .  T H E  C I E P E I C E S C E  OF T H E
C O N D L C T 1 V I T ’ 0’. T U E  ‘ CL ’ LOTi I L O G A R I i h ~1 IS A P P R O \ I M I T E ( I  iN A

C •
~ A N ’ , :  R S’, T ’ I A R  T C ’ T . R: A ND F ( I N S .  SO L A R  .‘H~ SI CS 23 (1902 ) . 7 8 — 1 1 1 2 .

C
f lH  ~C I ‘ A T !  A L ‘S ,‘, 4 ,

C ““ 
~-F T A - E DE T A .  - s i 1 . [M, 1 , T ~‘0C . TL’HI .0

R E A L ’S 1 00/ . C L / i ’ D0 . C ~~’ ’~1 P O ’ . R k A ~~/ 1 3Sj : , 2 D~~1F, ,.
‘ 7 ~ ‘1 1 ~J 50 10 [ 1 / 2 4)  ~~ 4 F  b’& 8N8~ A ’ O /

:F~~7 S . N i C  .~ ‘ ) 5 S T L  T~ l
H 7 C : I . C 5 ’ l  O I 0 ’ ~~O L’ 0 ’ T ’ ~ A~

CL C 3 00’ AT’A ~ ‘ ‘2’ / ( ~~~ AT • C-) ‘U’! ~~~ 1 ISO ’ 3)
• L’ \ ( C L~ ‘R~ A~ ‘ - S R~~A~ F ’  • ‘ ( . I  - D O ’ [ ’ S F ~-~.T (MP RO T ) )

10 CI A~I T ‘I $ ‘ ‘00 ~ T (  (I - 0 0 + 1 0 1 1 1 )i - D O ’  T C H I
:~~ 5 ‘ T  (TI

II .~~ P - T I 2 - S ’i C I  A’” C~ A M ’ t ~ . 4 8 I 1 T . f l D Z ’ T  12
T I  ~~~ 

( ‘
~~ 1 ‘l~ 

q 
• 1:: - 1 4 ’  - — I I , ( T I  M 1 C ~~T 1 2 ) )

‘~A P 1 - DO- - (1 ¶ T ~~\ ( 1  - 5.1 0 0’ T ‘T ‘1 1 ).- ZLO G (CLAM))
RE T L RN
END
R E A L  FV N C ’ I O N  FLU M’S (T)

C
C THIS fl.N C T 1 O N  L’ A 1 0 0 E A ’ E S  T H E  R A D I A T I V E  LOSS CO E F F I C I E N T
C 5 0 2 9  I F - A T  T U E  R A D ! A T 1 V I  L U S S [ S  F R O M  AN O P T I C A [ L Y  T H I N
C P LA ) ” A  )F  S:1 A-T A C “ T A N C E ~~A - ~E F 1 1 M * i N E ~~~ Z 1  W H E R E  NE IS
C TH E E L E C T R O N  N T D I R  P E N S !  I t . T H E C A L C U L A T I O N  151 THE
C RA D I A l  I V I  L O S S  CL - F F F NT IC R A t  T - ’ OND ‘ S (F’RI~~AT E CO M M. )
C I M 7 R S A  “F ‘4 1 CF T I E  C A L  C U L A T  I O N S  OF RA ~~M D N D .  C DX AND S M I T H
C AP - ~T - ,‘ )4 ( 1< ’  ‘

:‘ . .‘ ‘ O —  :-~C -

C
I M U ’ L I C I T  R E A L’S ( A — H . P - C )
R E A L ’ S  T , L . T C ( ~ - . i7 1 . L[~~[ - - I 1 ) . L O G T . E R R . 1 I N T (  1 O ) . X D I F (  10) .W R K (  T O )
R E A L  ‘4 R T Z(E- TI RL: ’ L~ . 4 F
L O G I C A L  S - R T / . A~~~’ . ,. E \ T R A ”  . F A L O H / , F I R S T / . IRIIE. /

A L E  “ S E  C I L t (  fl ’ 1 )  . RI t iC 1 ) 1  . C L L1 ( 3 : 1)  . R L D ( 1 ) )
8001 F L ’ R ’ A T ( ~’ ’ , -T ’

IF T I  i R S ’  F~~~ T O  111 1
110 I ’ S T - ~2 L O L T  II • )

IF~~L C S T  • G~ - T U ( N R ) [ U ’ T  1001 0 300
ERR :— 1 00
C A L L  A I~~’~E N ( L . L I ’ 2 T .  1 O , E R R . T D . L D . N R A D P I . S O R T . E X T R A P . F I N T . X D I F . L 4 R K .

IO FIV’ 1.L D L 1’ ’ L
RETURN
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100 N R A D P T : 6 4 1
C
C C A L C U L A T I N G  L E A S T  S QUARE F I 1 S  FOR P O W E R  L A W  E X T E N S I O N
C OF C A L C U L A T E D  R A D I A T I V E  LOSS CCLI  F 1 C L I N T  B E Y O N D  T A B U L A T E D
C RA N GE. ONLY DO ON F IR ST C A L L .
C

REAQ(8 . SOOT )RT (I
R E A ~’(8, 8011 )RLD
20 15 I 1 . N~~A rF T
10 (1 ) :DBL [(RIP

15 LD (!);D3LE (RLP (I ))
A1 :O. DO
B 1 0  - DO
lIMP 1 = 0 . 0 0
Tfl’D :2 . 0 O
20 0 1:2 .10
A 1 : A T + L D ~ I)
Dl  :81 ~ T O  ( ! )
T fl’PI T E T ’ T r 1 + T D (  I)  ‘ T D (  I)

2 0 T E T T 7 :TE ~~~2 + T 2 (  I)  ‘E N!)
1 ) ‘ A T — L D (  W ( B 1 9 . D O ’ T D (  1 ) ) ) /

.( r E r ~~ 1 - 2 . 0 0 ’ T  [(1) ‘91+9. DO ’ T 0 (1) ‘TD ( 1))
A 1 : L D M ) * B 1 * T D ( 1 )
A 2 : P  051

- -

I I. M .~ 1:O . DO
T E T 7 2 O.  DO

1 1’36 .6 4 0
A 2 — A 2 + L P ( ’  )
52 0 2 + T D ( I
T [ ~ ’ : ’ T : T E  M P 1 + T O (  I ) ‘ T D (  I)

30 T E ” 7 2 T [ ’ ” U ’ Z + T D (  I)  ‘ L O C  I)
B 2 ( TE’” 7 2_ TC (641 )$A.T _ L O(6 4T )i (E~2~~5 .DO~~TD (641)))/( T E M ’ 1 — 2 D C ’ T 2 - ( 6 4 1 )  ‘ E 3 2 + 5 . D O ’ T D U ~4 1 ) )
A 2 ~~L 2 ( ( - - T 1 ) — B ’ T D ( 6 4 1  )
F ! R S T  . F A L S E .
60 10 110

200 FLU’-’ 10 . O0 ’’ (A l ’Bl’ LOGT )
R E T U R N

300 F L V M : 1 3 . D O ’ ’ ( A + 0 2 ~~L O G T )
S E I -

~ RN
400 t : R i T E ( 5 . 6 O I ~I)

6001 F S R’-’A T(l H , ‘ O O P S  — 11E SHOULD NOT BE H E R E ’ )
S T O P
EN D
R E A L  F U N C T I O N  F G ” ( S )

C
• C TH IS FUNCTION C A L C U L A T E S  THE FORCE OF GRAVITY ALONG THE

C FLUX TI’UE AS A F O N C T I O N  OF S. T H E  D I S T A N C E  ABOVE THE
C SOL AR SURFACE.
C

I M P L I C I T  R E A L ’ S  ( A— $ -1 . O — Z )
REAL ’S RS L ’ 4-’U . 95c’-9010/.G/6 .67D-8,.MSUN/l .989D33’• L O G I C A L  N O T 1 S T / . F A L S E . /

• - :F(N0 T IST )c- -O T O 10
‘6

N O T 1 51: T R U E
1 0 Rz (RSLIN+S )

• F G :CT’ , (R~ ‘2)• RETURN
END
REAL FUNCTION FA ~~8(S)

C
C T HIS FUNCTION CALCULATES THE AREA OF T H E  F L U X  T U B E

4 C AS A F U N C T I O N  OF S. THE DISTANCE ABOVE THE SURFACE OF
C THE SUN .
C

I M P L E C I T  R E A L ’ S  (A - H . 0 - Z )
COMTTOI 4 B E TA .E B E TA .B1 3 .TEMP1 .TEM DC .TC IFI.D

100
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COPY FTJ1~N1S1{~D TO ~~C

REAL ’S RSUN/6.9599D1O / .AO /1.DO/
LOGICAL NOT IST / .FALS E. /
COM MON / PARA M/  F R A C .A M P , S C A L E
IF (NOTIST)GOTO 10
D :FRAC*RSUN
R:S+D
AR :R1-~~2

• AR :AO /AR
• FA :AR1 (R~~~2)

• N O T I S T :.TRUE.
RE 1 1’ RN

10 RiD’S
FA :AR + (R* ‘2)
R E T U R N

• END
REAL FUNCTION FDADS’8 (S)

C
C T H I S  F U N C T I O N  C A L C u L A T E S  THE L O G A R I T H M I C  D E R I V A T I V E
C OF’ THE A R E A  AS A I U NC I T O N  OF S. THE D I S T A N C E  ABOVE THE
C SURFACE OF THE SUN.
C

¶ I M P L I C I T  R E A L ’ S  ( A — H . 0 - Z )
COM MON B ETA ,E~~E T A .B l 3 ,T E M P l ,TEMP C ,TCH I ,D
FPAPS:2 .0O/ (tl+S)
RETURN
END
REAL FUNCTION FSOR’S (S)

C
C T H I S  F U N C T I O N  C A L C U L A T E S  THE (A D  H O C )  NON —T HERMAL
C ENERGY INPUT INTO THE SOLAR PLASMA AS A FUNCTION OF S.
C THE DISTANCE ABOVE THE SUN’S SURFACE .
C

IMPLICIT REAL ’S (A—H.O— Z )
R E A L ’ S  R5uH/6 . q S q 9 D l O/ ,
. PIBY2 /Z-T 1 1~l21FB5-l442DI8 /

L O G I C A L  N O T 1 S T / . F A L S E . /
COTIMFJ N / P A R A M/  F R A C .A I I P . S C A L E
I1 (NOT IST )GOTO 10
S C A L E  Z S C A L E  ‘ RSU N

• A RG ZT.OO ,SCAL E
AMP :AM F’ARG
AM p: AMP + AMP

• A R G :4 R G ~~P l 8 Y 2
SO:S

• NOT 1ST : .IRUE.
10 SR : S_ SO

I F ( S R . G T . S C A L E ) G O T O  20
• C :DCOS (ARG $SR)

F SOR A FT P ‘~C ‘ C
RETURN

• 20 FSOR~~O .DORET U RN
END
SUBROUTINE A ITKEN (F.X,M ,ERR ,XTAB , FTAB,N ,SORT , EXTRAP, FINT ,

.XD IF.WRK ,’,t .~~)
C
C SUBROUTINE A I T K E N  INTERPOLATES TO FIND THE VALUE OF THE FUNCTION
C (F) AT THE POINT X. IF THE ROUTINE DOES NOT ACHIEVE THE DESIRED
C RELATIVE ERROR (ERR) US ING t1 POINTS OR iF ROUND OFF ERROR APPEARS
C TO BE P R E S E N T .  T H E  R O U T I N E  RETURNS THE CURRENT ERROR E S T I M A T E  IN
C ERR.  R E T U R N I N G  TO THE PlA IN PR OGRAM AT THE F I R S T  S T A T E M E N T  NUMBER
C iN THE ARG UMENT LIST. THE ROUTINE REQUIRES THE TABULATED VALUES
C IN FTAB TO BE IN ORDER OF INCREASING VALUE OF IC (IN X1A B ). IF’
C SORT IS TRUE ON ENTRY. BOTH TABLES ARE SORTED (SEE NOTE). IF THE
C VALUE OF x IS OU JTSI DE THE RANGE OF THE TABLES SLIPPLIED , THE
C ROUTINE RET IJRN S TO THE SECOND STATEMENT NUMBER IN THE ARGUMENT
C L I S T  — UNLESS E X T R A P  IS T R U E .  11 THE R O U T I N E  D I S C O V E R S  1110
C IDENTICAL VALUES OF X IN XTAB. THE ROUTINE RETURNS TO THE THIRD
C STATEMENT NUMBER IN THE ARGUMENT LIST.

101
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~1~~M I\~I~ FUfl4Jii~ t L~~) i\) LWC ___

1’ II N I S OR E Al I R I HA N N t S R L I  55 1 ElAN 2. II IS S E T  I U I U.

C I I 1 RR I N L i  55 7 SIAN Il ~’~ !~. P 1 IS 511 10 1 ~~‘ 
$ N .

AR I TISM E Ni 0 07111 R I HAN S P A P  E Mt NI NUNE’E RN

I’ I IN T I R PCI A l  I H VA t UI ~ll (INC lIO N A l X (RE At - CLI I Pt’ I i

C \ V A L I S E  ill IN L S E P E N T  V A R T A I ’ L I ( R E A L  • IN F ’(Il

N I A R O I  51 NUMEII R III (SA P A PU IN IS TO (It L IS P II (I N it  (TI R — I Nl’U I I

C E R R  RI QIlt ST I l T RE I A l l  V I E R R O R  (RI Al - INPU1

C XI All I Ali t I OP \ VA t Ut S AT 14)1 1 CII 1 (X) 15 1 A llO t Al l. IT
I’ i R E  A t  A R I T A S  • I NI’IP 1 1

C II All 1 A lIt I ill I \ 1 A l  T I P S CO RR I  SI’ONIT I NIT I’ll IN 1 S IN \ PAIl
1: (ST E A t  AST R Vi I NP’ t I  I

1’ N I III L E  NIT II I Of I A li t H XI All AN ti I 1 AlT (I N T l  UI R - I NULl 1 5

I’ SORI D E T E R M I N E S  14)51 T H E  kI HR NOT 1 III P NI I R NAI SIFRIN( RO Ut T N t
• I’ I T T  In III V O l  11 II CIT I C A t  — I NPI’ 1 i O u  I I’ll 5
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• - 
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C I Li 1 1 1 2  lOT S ‘0 N P A l iS t i t  t i l l  FT E L  A l l  ~ 1 11 1 1 1 1  IT Ni ’ I I’E l I S L E N
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C 111 1 1  MA X I ARUI - ;  I RI CR 1 1-I Ni A O L  I II O A T  I NIT l’O P H I NL IMLIL R I tIN it ’ l l 1

I LI P’ ((Hi Ii A:i P’O IN 11 IT IN T ;OIT 1 AND IN 11 hI CCI A l l  tiN

imis 1 5 1 0  A ’ ;  P O I N T E R  IN SORT

C I UN ( 5 5 5  Ii A S (‘ ii IN I lI T IN SOFT I AN tS IN 11 R Pil l A l l  ON

C \ t I F ’ P I I  D P ~ I t  RI NOt  t iE 1111 E N \ AN D L’L 1101 HI (P N LPSE IT I A R O E R  ~A( U P
C IN \ I A 1 I

C N IT N I) II I~ III I FT I Ni ’ I 0 1 1 1 4 1 1 N N AN t S Ci COt  ‘41 ( ( NO S E 11 SMAL L I  R V Al (II
C IN N T UI

• 1’ 1 1 1 1 1  1’ i ’ ’ T R E  Ni II ‘~I (  CI A ll KI N I R I  - lNOI It  AR Si’l( E MI

I’ I N T l  I’ I’ t 1 l t N  11 hI I OR IN ii RMP Ill A l l  iN P t  PT POl L AN 1 L 11(1 1’
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C DONE LOGICAL F l AG TO I N D I C A T E  CURRENT LEVEL OF SHELL SORT
C IS C(1 1P1ET [
C
C IDISP CURRENT EX CHANGE INTERVAL IN SHELL SORT
C
C ILAST N M INUS IDISS ’ - UPPER LIMIT FOR SORT DO LOOP
C
C I COUNTER IN SORT DO LOOP
C
C R E M A R K S :
C
C THE ROUTI NE AS rhIE stH r LY I-JRI TT EN W I L L NOT IJORK IN W A T F T V . TO
C MA~~E T H E  R O U T I N E  C O M P A T A P L [  IJ IT H  I4A TF  IV .  T H R E E  C H A N G E S  11051 BE
C M A D E .  F I R S T .  T H E  A R R A Y S  F I N T .  \ D I F  AND W RK S H O U L D  H A V E
C D I M E N S I O N  N A N D T H E  A R R A Y S  X T A B  AND F lA B  S HOULD HA V E  THE

• C D I M E N S I O N  N . S E C O N D S . T H E  V A R I A B L E S  M AND N SHOU LD BE R E M O V E D
C F R O M  T H L  I N T E G E R  D E C L A R A T I O N  S T A I E M E N T .  THIRD. TilE S T A T E M E N T
C I1HIC H CHA N~~ES N 10 10 IF C E R T A I N  CONDITIONS ARE MET SHOULD BE
C D E L E T E D .
C
C NOTE :

- - C
C S O R T  M E T H O D  USED IS S H E L L  S O R T  - T H I S  M E T H O D  MAY BC V E R Y
C - I N E F F I C I E N T  L4IF LN X T A B  IS P A R T I A L L Y  S O R T E D .
C
C
C D E C L A R E  V A R I A B L E S
C

REAL F . X . E R R . X T A B (  11 . F T A B (  1 ) . F I N T (  1 ) , X D I F ( 1 ) . W R K ( 1 ) . E P S . X U P O I F ,
. X C N D I F . F O I F F . F 0 1 1 1 2 . D U I M A X . T E M P
I N T E G E R  M .N . IS TE r. ILASI .LEVEL . IOISP . lOP . ION. 11110 .1
L O G I C A L  S O R T . E X T R - ~P. PON[

C
C 1 N I T I A L T 2 E  V A R I A B L E S
C

DATA ErS~- :3C tOOOOO /. DlrMAX- ’~~7FrFiFFF /
C
C CHECK TO SEE IF N N OR IF  N ( 2.  ii SO SET N TO 10
C ( T H I S  C A R D S  M I S T  BE R F M I 1 iE p  F O R  L 4 A T F I V  E X E C U T I O N  AND THE
C I - T O F T K I N G  A R R A S S  P I M I N S I I ] N E D  Ti) N)
C

I F( N L T . 2 . O R M . G 1 . N~~r1 11.1
C
C CHECK TO SEE IF ERR ( 1Is~~’ — 5  IF SO SET IT  TO 1 6 ’ ’ — S
C

• Ir (E RR.LT .Ers )ERR :urs
C
C CHECK TO SEE IF TABLES ARE 10 BE SORTED — IF NOT GO AROUN D SORT
C SECTION.
C

I F ( . N O T . S O R T ) G O I O  200
C
C ‘‘‘ - i SO RTING SECTION B EGIN
C

IDISV :N
101 I D I S P ( I D I S P + 1 ) / 2

• I L A S T ~~N -IPI S I’
102 OO NE :.TRI IE .

DC 103 I:1 , I L A S T
l1 (XTAB (I ).LT .XTAB (I4IC1I SP ))GO TO 103
IF (XTA B (I ) .EQ .X TAB (l+ID1SP))R ET URN 3
TEM P :XTAB (I)
XTA B (i) :\TAB (l+I fl ISP)
X T A B ( I $ I ( I S P ) T E MP
TEM r :FTAD ( I)
FTA B (I):FTAIT (I 4IDI SP )
F T A S ( I ~IDTS P ) zTLflPDONE :. F A L S E

103 CONTINUE

103
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THIS ?AG~E IS REST QUALITY rRACTICABII
FI~)M COFY fl~NI sEU~D 1\) 1)DC

I F ( . N O T . D O N E ) G O T O  102
IF ( 101SF’. 6 1.  1 ) C O 1 0  101

C
C ‘‘~~~~ S O R T I N G  S E C T I O N  END
C

200 C O N T I N U E
C
C CHECK TO SEE IF IC IS W I T H I N  RANGE OF TABLE - IF NOT AND IF EXTRAP
C IS F A L S E  R E T U R N  T O  S E C O N D  S T A T E M E N T  IN ARGUMENT L I S T
C

IF (X .6E . XTA B (1))GOTO 201
C
C IC IS BELOW LOW EST X VALUE IN X TAB - EXIT UNLESS EXTRAP IS TRUE
C

IF (.N OT .EX TRA P)RE TURN 2
C
C EXTRAP IS TRUE - 5(1 LIP POINTERS AND GO TO AIT K E N
C I N I E R P O L A T I O N  SE CTION
C

IUP 2

IE 1N :l
60 10 400

2 0 1 C O N T I N U E
C
C C H E C K ’  10 S t E  if  X IS L A R G E R  T H A N  L A R G E S T  IC V A L U E  IN X T A B  — IF NOT

• C B R A N C H  T O  S E A R C H  S O O T  IO N

IF (X .LE.XTA B (NVi6OI O 3110
- 

~
- C

C X IS A B O V E  H I G I I E S I  IC V A L U E  IN X T A B  — EXIT UNLESS [XTRAP IS TRUE
-

, 
C

I F ( . N C I T . E X 1 R A P ) R U T I I R N  2

C
- - C EX T R A P  IS T R I t E  - S E T  UP P O I N T E R S  AND GO TO A I I K E N

C INT E RPOLATI O N S E C 1 I U N
C

11 10- N
• I ITS • -

~~~~
--  1

60 10 4~1~)C
C S E A R C H  S E C T I O N  — F I N D  X TA R VALUES THAT BRACKET IC — USE BISECTION
C

300 C O N T I N U E
C
2 SET UP POINTERS FOR [1151 C T ION
C

1UP~~NIM ID :N / 2
IDN :T

C
C C H E C L ~ TO SEE 14111011 ‘41111 01 I X T A B (t M t t T ) X IS ON AND UPDATE tUB.
C IM I Ll A ND  IO N  — W HLN N E W  11110 LI5UALS ION WE ARE DONE
C

• 301 IF (X.GT X T A B (IM I D f l G O T I 1  1512
C
C IC L E  X T A B ( I N I T ’ ) SO I1Pr(~~IM i D  C I M I D( : ( I I I P# T D N )/ 2
C

III P~ i MI IT
r r I ID~~( I U P + I O N 1/ 2

C
C IF TM ID ‘ ION 141 A R E N ’ T  DONE YET — GO BACK AND CHECK AGAIN
C OTHERI4I SE GO TO A I T K E N  I N T E R P O L A T I O N  SECTION
C

I F ( I T I I O . G T .  I D N 1 C . O T O  301
G O T O  400

302 CONTINU E
C
C IC ) X T A 1 S ( I M 1 D )  SO IL1N~~~IMID C IM ID~~~( I U P + I D N ) / 2
C

iL l 4

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~:i ::: ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ -— 

~ 
-
~~~~~



— ‘~~~~-~~~ ‘- • - •—~-~~~~~ —. ~~~~~~~~ — ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •

THIS PAGE IS REST QUALITY PRACTICABLE
$ F1~t)J4 DOFY 11JRN1SSUs~L) 1’O I)DC —

IDN :IMID
I I I ID:( IUP+IDN)/2

C
C IF 11110 > ION 141 AREN ’T DONE YET - GO BACK AND CHECK AGAIN
C OTHERWISE ENTER A ITKE N INTERPOL ATION SECTiON

C. C
IF (IMI D .GT.IDN) GOTO 301

C
C E N D  OF S E A R C H  S E C T I O N
C

- - C A ITKC N INTERPOLATION SECTION
C

400 C O N T I N U E
C
C lOP AND ION POINT TO FIRS T TWO FUI I4CT ION VALUES USED IN
C INTERPOLATION - I N I T I A L I Z E  VARIABLES
C

FD I FFZ~~O 1 U M A X
X DNDIF ZXTAB ( I LIP) -X
X U PDI F :X TAIT ( IDN)—X

C
C S T A R T  A I T K E N  I N T E R P O L A T I O N
C

• DO 401 IEVEL :l .t1
C

-‘ C DECIDE 1-IIP IC II OF THE TWO TABLE VALUES POINTED TO BY IUP AND ION
• C I S  TO BE U S E D  N E X T  - THE ONE W I T H  X T A B  CLOSER TO X

C
1r (ABS(XUPDIF ) .61 .ABS(XDNDI F ))GOTQ 402

C
C WE W I L L  USE IUP - PUT I N F O R M A T I O N  IN WORKING ARRAYS
C

W R P < ( 1 ) : F T A B ( I I I P )
• X D IF (LEVEL) :XUPD IF

C
C C H E C K  TO SEE IF WE JUST USED THE LARGEST VALUE OF IC IN X TAB
C IF SO GO TO 4 03 AND 00 F I X  LIP — IF’ NOT U P D A T E  lO P AND X U P D I F
C

I F ( I i J P . G E . N ) C . 0 T 0 4 O3
II IPZ IUP+ 1
X U P D I F : X T A B ( I U P ) — X

C
C BRANCH AROUND CODE TO INTERrOLATION LOOP FOR THIS LEVEL
C

G O T O  404 - -

C
C F I X  LIP FOR USE OF L A R G E S T  IC IS TO SE T XUPD I F  TO LARGEST
C REPRESENTABLE FLOATING POINT NUMBER
C
403 XUPD IF :DIFEIAX

C
C BRANCH AROUND CODE TO INTERPOLATION LOOP FOR THIS LEVEL
C

6010 404
C
C WE WILL USt ION - PUT INFORMATION IN WORKING ARRAYS
C
402 WRK (t):FTAB (I[)N)

X D I F  (L E V E L  )~~X [FHDIF
C
C CHECK TO SEE IF WE USED THE SMALLEST VALUE OF X IN X IN ICTAB
C IF SO GO TO 405 AND DO FIX liP — IF NOT UPDATE ION A Ni ICD NDI F
C

I F ( 1 [ T N . E Q . 1 ) G O T O  405
I D N : I D N— 1
XDN OIF :ICTA B(IPN)-X

• C I I
C BRANCH AROUND CODE 10 INTERPOLATION LOOP FOR THIS LEVEL
C

105
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G O T O  404
C

• C FiX UP FOR USE OF SMALLEST X IS TO SET XDNDIF TO LAR GEST
C REPRESENTABLE FLOATING POINT NUMBER
C
405 X DNO II :D IFMA X

C -

C SKIP INTERPOLATION CAL.CULAT ION IF LEVEL IS 1
C
404 IF (L EVEL.LE. 1 )C. OTO 406

C
C A ITKEN INTER POLATION LOOP
C

DO 407 ISTEP :2,L [VEL
T E N P ~ XOIF (LEVE L )—X I l IF (IST E P—1 )

C
C CHECK TO SEE IF I-IC ARE GOI NG TO DIVIDE BY 0 IF SO RETURN
C TO THIRD STATEMENT NUMBER IN ARGUMENT LIST
C

IF (TEMP .EQ .O.)RETURN 3
C
C C A L C U L A T E  I N T E R M E T 1 I A T E  I N T E R P O LA N T S
C

407 I 4 R K ( I S T [ P ) : ( F 1 N T (  I S T E P — 1 ) X O I F ( L E V E L )  —

1 I 1 R K ( I S T [ P _ T ) * X t l 1 F ( I S T E P _ 1 ) ) / T E N P
C
C ENTER INTER PO LAN T IN FIN T
C
406 FINT (LEV EL ):I1RK (LEVEL)

C
C SKIP CHICK FOR CONVERGENCE FOR LEVEL LESS THAN 4
C

IF (LEV FL. LT. 4 )GO TO 401
C
C CHECK FOR CONVERGENCE AT THIS LEVEL — IF SO BRANCH OUT
C

¶ F D I F F 2 ~~~. ’ A B S ( ( F I N T ( L E V E 1 ) — F I N T ( L E V C L — T ) ) /
( l I N T  ( L I  V I I ) ~F I N T  ( L E V E L — I )  ) )

I F ( F I ) I F E  2 L 1  .ERR )CTOT O -I11~
C
C SKIP ROUND OFF ERROR CHECK FOR LEVEL LESS THAN 6
C

I F ( L E V E L . L T 6 ) 6 0 T 0  ‘1(1 1
C
C IF I N T F R P I’P L A N I S  ARE NOT CONVERGING — E X I T
C

IF (Ft l IFF 2 .G T .F1DFF 1 )COT O SOT
C
C UPDATE 101F F 1 AND CONTINUE

401 F D I F F T : F D I F F 2
C
C IF INTERPOLATED TO LEV E L~~1 WITHOUT CONVER GENCENCE — EXIT
C

G O T O  50 1
C
C SET F EQUAL TO FINT (LEV EL ) AND RETURN
C
408 F :FINT (1(VEL )

RET U RN
C
C TERMINATIONS DUE TO LACK OF CONVERGENCE OR ROLIND OFF ERROR
C

501 LEV E L :L EVtL _ 1
ERR :F 10FF 1
F :FINT (LEV EL)
R E T U R N  I
E N D

106
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~B~.)M OOF~ ~Jj~JL1~
tiED TO DDC ~.__—

STEADY STATE ATMOSPHERE MODEL MAIN ROUTINE

IMPLICIT REALt 8 (A—H .O—Z)
C
C THIS PROGRAM CALCULATES THE RUN OF TEMPERATURE. DENSITY - -

C NEAT FLUX AND VELOCITY IN AN INDIVIDUAL FLUX TUBE.
C THE PROGRAM REA D S IN PARAMETERS THAT CONTROL THE NUMBER OF
C SETS OF TABLES READ IN (NTAB). AND THE INDEPENDENT VARIABLE
C THAT CONTROLS THE FREQUENCY OF TABULATION ([TEST). FOR EACH
C SET OF TABLES THE PROC -RA N READS IN THE NUMBER OF DIFFERENT INITIAL

• C CONDITIONS FOR WHICH THE INTEGR ATION IS TO BE PERFOR M ED (NRUN)
I C AND A VARIABLE THAT CONTROLS WHETHER OR NOT THE RESULTS OF

C THE INTEGRATION ARE ONLY PRINTED 01(1 OR BOTH PRINTED OUT
C AND W R I T T E N  OUT I N  A FORMAT S U I T A B L E  FOR R E R E A D I N G
C BY ANOTHER PROGRAM (N O U T ). IF NOUT IS LESS THAN 1, THEN THE
C RESULTS  ARE ONLY P R I N T E D .  IF HOOT IS G R E A T E R  THAN OR EQUAL TO
C I, TH EN THE R E S U L T S  OF THE I N T E G R A T I O N  ARE BOTH P R I N T E D  OUT AND
C W R I T T E N  OUT TO L O G I C A L  UNIT  10.
C
C THE PROGRAM READS IN 4 TABULATED FUNCTIONS OF DISTANCE AND
C 4 T A B U L A T E D  F U N C T I O N S  OF T E M P E R A T U R E :
C

• C FUNCTiONS OF S:
C
C 6 THE FORCE OF GRAVITY ALONG THE TUBE
C
C DA THE L O G A R I T H M I C  D E R I V A T I V E  OF THE AREA OF THE TUBE
C W I T H  R E S P E C T  TO D I S T A N C E  ALONG THE TUBE ( 1 /A  DA/DS)
C
C SO A P H E N O M E N O L O G I C A L  N O N - T H E R M A L  HEAT SOURCE
C
C A TIl E AREA OF THE FLUX TUBE
C
C FUNCTIONS OF 1 :
C
C OK I N V E R S E  OF T H E  T H E R M A L  C O N D U C T I V I T Y
C

- - C LU T H E  R A D I A T I V E  LOSS F U N C T I O N
C
C CO THE F R A C T I O N  OF H Y D R O G E N  NUCLEI THAT ARE ION IZED
C

H C DC DERIVATIVE OF THE FRACITIO NAL IONIZATION (CH) S

C
C FOR EACH RUN WITH A SET OF TABLES. THE PROGRAM READS IN SO , THE

- - C S T A R T I N G  D I S T A N C E .  DSO THE INITIAL STEP SIZE. PRCT. THE
• 

- 
C M U L T I P L I C A T I V E  F A C T O R  BY W H I C H  THE I N D E P E N D E N T  V A R I A B L E  S E L E C T E D
C BY I T E S T  IS A L L O W E D  TO CHANGE B E T W E E N  T A B U L A T I O N  P O I N T S ,  THE
C I N I T I A L  T E M P E R A T U R E  T O .  I N I T I A L  D E N S I T Y  NO. I N I T I A L  IIEAT FLUX QO ,
C INITIAL VELOCITY (JO. TSTOP. THE TEMPERATURE AT WHICH THE
C INTEGRATION WILL STOP. SSTOP . THE DISTANCE Al WHICH THE
C INT EC ’RAT IO~4 WILL STOP. LPS . THE MAXIMUM RELATIVE ERROR IN AN
C INDEPENDENT VARIABLE ALLO W ED PER DSO, AN D MSTOP . THE MACH NUMBER

• C AT W HICH THE INTEGRATION WILL STOP. IF THE INITIAL HEAT FLUX READ
C I N  IS G R E A T E R  T H A N  10 TO THE 50TH  (A V E R Y  U N P H Y S I C A L  V A L U E )  THE
C INITIAL HEAT FLUX IS DETERMI NED BY THE CONDITION THAT THE NET
C ENERGY FLUX IS ZERO AT THE STARTING POINT.
C
C THE CURRENT VERSION INTERPOLATES THE RESULTS OF THE
C INTEGRATION TO PRINT OUT VALUES OF DISTANCE TEMPERATURE ,
C DENSITY, HEAT FL u X. VELOCITY , PRESSURE AND A QUANTITY WHICH
C CAN BE I N F E R R E D  FROM EUV O B S E R V A T I O N S  (P~~’2 KA P FA / Q  WHERE KAPPA
C IS THE THERMAL C O N D U C T I V I T Y )  AT VALUES OF THE T E M P E R A T U R E
C I N I T I A L I Z E D  IN THE ARRAY T MPO UT.  IN A D D I T I O N  THE I N I T IA L  AND
C FINAL P O I N T S  OF THE I N T E G R A T I O N  ARE P R I N T E D  O U T .  IF THE
C RESULTS ARE TO BE W R I T T E N  TO L O G I C A L  U N I T  10 ALL THE T A B U L A T E D
C RESULTS ARE P R I N T E D  AS C A L C U L A T E D  BY AB NINT.
C
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FROM DOPY FURNI5~j~ ) TO DDC ._~~~~~~~ -

H - C
C D E C L A R E  AND I N I T I A L I Z E  A R R A Y S  A N D  V A R I A B L E S
C

REAL*8 EPS ,TSTOP,SSTOP .AO ,UO ,NO , TO,QO,SO,S, DSO,DS,PRCT,
.P,YPASS (4),KAY/Z339F2CBG00000000/ ,
. N STOP

• REAL*8 G (819).OA (819) ,sO(819) ,A(819),OK (8?9),LU (819),CH(819),
-‘ .DC (819).YTAB (5,2O48).TAB (8),GRAV .DADS .SOR .AR ,OKAP ,LAM .CHI,DCHI

INTEGER*4 NRIJN ,N TAB. IRUN ,ITAB,I. J
E Q U I V A L E N C E  ( T A B ( 1 ) , G R A V ) , ( T A B ( 2 ) . D A D S ) , ( T A B ( 3 ) , S O R ) . ( T A B ( 4 ) , A R ) ,

. ( T A B ( 5 ) , O K A P ) , ( T A B ( 6 ) , L A M ) , ( T A B ( 7 ) , C H I ) , ( T A B ( 8 ) , D C H I )
E X T E R N A L  D I V F
REAL28 SPRIN.SBOTT/Z474143E000000000/,TMPOUT (40)/

- 1 .03,  1. 503. 2. 03. 3. 03, 4. D 3, 5. D 3, 6. D 3. 7. D 3. 8. 03, 9. D 3.
.I.D4 ,1.504,2.D4,3.D4,4.D4.5.04.6.D4.7.D4,8.D4.9.D4.
.1. D5 , 1. 5D5, 2.05,3.05,4.05,5.05,6.D5,7.05,8.D5,9.05.
.1.06,1.506 ,2.06.3.06,4.06, 5.D6.6.D6 ,7.D6,8.D6,9.D6/

5001 F O R FIA T (2 15 )
5002 FORMAT (3Z16)
5003 FORMA T (-40T3.6)
6001 F O R M A T ( T H  T4 ‘ S ( C M ) ’  119 ‘TEMP ’ ,T34 ,  ‘ N ’ ,T4 9 ,  ‘Q (CGS)’ ,

- - .154, U (CGS)’ ,179. ’P (CGS )’ ,T94, ’ L U M ’ ,/)
6002 FORMAT (7 (1PD15 .6))
6004 FORr~ T ( 1 H 1  14 ‘ S ( C M ) ’  T 19  ‘T E M P ’ ,T 3 4 . ’ N ’ ,T49, ’ Q ( C G S ) ’ ,

.T64. ‘U (CG S ) ‘ ,T79, ‘P (C G S ) ‘ .194 , ‘LUll ’ ,.’)
9004 FORMA T (1OA 8)

C
C CALL D I V I N T  — PASS BASE ADDRESSES OF INTERPOLATION TABLES
C TO D IV F
C

CALL D IVINT (G,DA,SO .A,OK,LU. CH , DC)
C
C READ IN NUMBER OF SETS OF TABLES AND INDEX OF INDEPENDENT
C VARIABLE THAT CONTROLS TABULATION FREQUENCY
C

- I READ (5,5001 )NTAB, ITEST
-
‘ P RC T : 1 .0 5 D 0

C
C R E A D  IN  I N T E R P O L A T I O N  T A B L E S
C

DO 999 ITAB :1,NTAB
R EAD ( 5, 5001) NRUN, N O U T
R E A D ( 9 . 9 0 0 4 ) G
R E A D (9 ,900 4 )DA
R EAD ( 9. 9004)  SO
R E A D (9 ,9004 )A
R E A D ( 9 ,  9004)  OK
R E A D (  9. 9004)  LU
R E A D ( 9 , 9 0 0 4 ) C H
R EA D (  9, 9004)  CC

C
C READ IN INITIAL CONDITIONS FOR RUNS
C

DO 99 IRUN:1,NRUN
READ ( 8. 5002) SO, DSO, PRCT
READ (8. 5003)TO,00,Q0,UO
READ (8. 5003)TSTOP,SSTOP,EPS,MSTOP

C
C I N I T I A L I Z E  A O AND QO IF  N E C E S S A R Y
C

YPASS(1):T0
YPASS (2):NO
CALL D I V F ( S O , Y P A S S , T A B )
AO :AR*NO*UO
11:1
IF (QO.LE. 1 .E5O )GOT0 5
QO :_ .SDO*UOtNO ~~(UO~ U0*1.67352D_24+5.DO*KAY*TO* (1.+CHI))

5 Y P A S S ( 3 ) : Q O
Y P A S S ( 4 ) U0
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ABII

FROM CIOfl YU~.NISH~D TO DDC ..-_—.

S~ SO
DS:DSO
NMAX ~~2 O 48

C
C CALL ABMINT TO I N T E G R A T E  EQUATIONS
C

CALL  A B M I N T ( S ,Y P A S S , D IV F , D S , E P S , T S T O P , S S T O P . M S T O P ,Y T A B ( 1 , I  1) ,
.AO .ITES T, PRCT,NMAX)
I 1~~I 1+ H MAX —1

20 CO N T I N UE
C
C P R I N T OUT R E S U L T S
C
C WE L OO K FOR V A L U E S  OF TEMPERATURE THAT BRACKET VALUES
C OF T E M P E R A T U R E  I N  T M P O U T  A N D  I N T E R P O L A T E . WE A L S O
C DO OUR OWN P A G I N A T I O N .
C

W R I T E  (6 .  6 0 0 4 )
ITE rIP:O
I L L N E : 1
I ~ 2
SP~~IN~~YTAB (5. 1)C- I LL  D I V F ( S P R I N . Y T A B ( 1 . 1 ) . T A B )

• P~~Y T A B ( 2 . D $ - ( 1 . D O + C H I ) * Y T A B ( 1 , 1 )
• • SA~T 0 J T~~1 . 0 5 O

I N YTA B (3.1).EQ .O.DO )COTO 30
R~~D O U T z — ( P $ P ) / ( O K A P i Y T A B ( 3 . 1 ) )

30 P~~K A Y ’ P
SPRIN~~S P R I N- S B O T T
l4~~I T E ( i ~. 6 0 0 2 ) S F R I M , Y T A B (  1. 1)  ,Y T A B ( 2 .  1) .Y T A B ( 3 ,  1) ,
YTA 3C 4. 1) • P. RA DOUT

C
C FIND NEXT OUTPUT TEMPERATURE
C

105 IT EM P~~I T E M P + 1
S IF (ITEM P. GT . 4D )GOTO 130

IF (YTAB (1, I).GT.TM POUT(ITEM P ))GOTO 105
C
C FIND PRINT TEMPERATURE AND PRINT
C

— 110 IF (YTAB (1.I+1) .GT.TMP OUT (ITEMP ))GOTO 115
P I:I+1

I F (I .GE .I1 )G OTO 13O
60 10 110

115 F R A C~~(T11POUT ( ITEIIP)—YTAB( 1,1 ) )/(YTAB ( 1.1+1 )—YTAB ( 1,1))Y P A S S ( 1) ~T M P O U T  (I TE II P)
YPASS(2 )~~YTA B (2 .I)+FRAC ~~(YTAB(2,I+1)—YTAB (2 .I))
YFASS (3)~~YT A B( 3 .I)+FRAC~~(YTAB (3 .I +1)— YTAB(3 ,I))

• Y P A S S ( 4 )~~Y T A B ( 4 . I ) + F R A C ’ ( Y T A B ( 4 . I ÷ 1 ) — Y T A B ( 4 . I ) )
SPRIN :YTAB ( 5, I ) + F R A C  ~( Y 1 A B (  5 ,  I + 1 ) — Y T A B (  5, 1) )
CALL DIVF (YTAB (5 ,I ) .YTAB ( 1 .I).TAB )
P1 :YTAB(2 . 1) ‘ ( 1 .  DO+CH I ) YTAB ( 1,1 )
CALL D IVF (YTAB (5.I+1).YTAB( I , I+1),TAB)
P2:YTAB ( 2, 1+1) ~

( 1. DO - i - CHI T  ‘Y T A B ( l ,  1+1)
P~~P t + F S A C t ( P 2 - . P l )
RA O O U T 1 . 05 0
IF (YPASS (2) .EQ .O.DO )GOTO 125
R A D O U T~ -(P &P),(OKAPi-YPASS(3))125 P~ K A Y P
S P R I N ~~SPRIN-SBOTT
WR ITE( 6. 6002 )  SPRIN ,  TMPO UT ( IT EMP) • YPASS ( 2) , YPASS ( 3)
.YFASS (4),P,RADO IJT - 

-

I~~I+1
I F ( I . G E . I 1 ) G O T O  130
I L I ~4E~~I L I U E + t
IF ( I L  INE . LT . 5 8 ) G O T O  105
1 Li HE 0
W R I T E  (6 .  6004)
COTO 105

109
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IROJA ~~P1i FURI~ISH.~D 1’O 01)0

130 I F ( I . G T . I 1 ) G O T O  99
SPRIN :YTAB(5. I)
CALL DIV F (SPRIN ,YTAB(1,I).TAB )
P~ Y T A B ( 2. 1) * ( 1  D O + C H I )  i - Y T A B (  1. I)
R A D 0 U T~~1.05O
IF (YTAB(3 . I ).EQ.O .00)GOTO 135
RAD0UT~~~(Pi-P)/(OKAP*YTAB(3 , I))135 P~ KA Y ’ P
SFRIN :SPRIN-SIEOTT S
W R I T E ( 6 . 6 0 0 2 ) S P R I N ,Y T A B ( 1 . I ) , Y T A B ( 2 . I ) , Y T A B ( 3 , I ) ,
Y T A B (  4.  I) • P. RA DOUT

99 CONTINUE
C
C W R I T E  OUT TABULATED RESULTS OF INTEGRATION IF REQUESTED
C

I F ( N O U T . G E . 1 ) C A L L  W R T R ( Y T A B , N M A X )
999 CONTINUE

S T O P
END
SU B ROUTINE W R T R ( Y , N )

• IM P L IC IT  REA L*8  (A - H . O - Z )
REAL *8 Y (5.N)

1001 F O R M A T (10A8 )
1002 FGR”A T (A4)

WRI T E (1O.1002)N
W R I T E ( 1 O . 1 0 0 T ) Y
RETURN
END
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~~~~ o(p~~FU USli~D T Q DD C

ABIIINT

SUBROUT INE A BMI NT (S.YINT .F,DS,EPS .TSTOP ,SSTOP ,MSTOP ,YTAB ,AO.
ITS . PRCT .NMA X )

C
C A B M I N T  S O L V E S  A SET OF T H R E E  C O U P L E D  O R D I N A R Y  D I F F E R E N T I A L
C EQUATIO N S PLUS A CONSERVA TI ON RELATI O N  THAT D E S C R I B E  T H E
C (STEADY S TATE) B E H A V I O R  OF A C O M P R E S S I B L E  F L u I D  IN A FLUX T U B E .
C THE R C U T I N E  T A K E  T I-Il F O L L O W I N G  INPUT P A R A M E T E R S :
C
C S T H E  I N I T I A L  D I S T A N C E  ( A R B I T R A R Y )

C Y I N T  T H E  I N I T I A L  V A L U E S  OF Y ( 1 ) — Y ( 4 ) .  THE I N D E P E N D E N T
C V A R IA B L E S  (TEMPERATURE. DENSITY. HEAT FLUX AND
C V E L C ( C I f l  )
C
C F THE NAME OF THE S U B R O L I T I N E  T H A T  C A L C U L A T E S  THE
C D E R I V A T I V E S  OF THE I N D E P E N D E N T  V A R I A B L E  AND THE V E L O C I T Y
C ( M U S T  BE D E C L A R E D  IN AN E X T E R N A L  S T A T E M E N T  IN THE
C CA L L I N G  R O U T i N E ’
C
C OS T H E  I N I T I A L  S T E P  S I Z E
C
C EPS THE D E S i R E D  A C C U R A C Y  ( R E L A T I V E )  FOR A D I S T A N C E  OS
C
C T S T O P  TH E MA X I M u M ( OR MINIM UM)  T E M P E R A T U R E  TO W H I C H  T H E
C R O U T I N E  W I L L  INTEGRATE
C
C SSTOP THE MAXIMUM (MINIMUM) D I S T A N C E  TO W H I C H  T H E  R O U T I N E
C W I L L  I N T E G R A T E
C
C M ST OP THE MAXIMUM MACH NUMBER TO W H I C H  THE R O U T I N E  W I L L  I N T E G R A T E
C
C Y IA B  A N A R R A Y  IN W H I C H  T H E  R E S U L T S  i.. T H E  I N T E G R A T I O N  ARE
C R E T U R N E D  TO T H E  C A L L I N G  P R O G R A M  — SHOULD BE P E I I I N I S I O N E D  AT
C L E A S T  5 3 N M A X .  V A R I A D L E S  S T O R E D  IN T H E  F O L L O W I N G  O R D E R :
C 1IM~’ E R A T U R E .  D E N S I T Y . H E A T  F L U X . V E L O C 1 T Y  AND D I S T A N C E
C
C AD T H E  A R E A  AT T HE S T A R T I N G  P O I N T  T I M E S  THE D E N S I T Y  AT THE
C S T A R T I N G  P O I N T  T I M E S  T H E  V E L O C I T Y  AT T H E  S T A R T I N G  POINT

(A  C O N S E R V E D  Q U A N T I T Y )
I - 

I TS  I N D E X  OF T H E  V A R I A B L E  T H A T  C O N T R O L S  THE F R E Q U E N C Y
C AT W H I C H  R E S U L T S  ARE PLIT IN Y T A B
C
C PRCT THE M ULTIPLICATIVE FACTOR BY WHICH THE ITS ELEMENT OF Y
C IS ALLOWED TO CHANGE BETW EEN THE TABULATION OF THE RESULTS
C
C NMAX T H E  MAXIMUM NIIMBER OF T A B U L A T I O N  P O I N T S
C
C
C THE ROUTINE USES S E V E R A L  LOCAL W O R K I N G  ARRAYS
C
C R U N G E — K U T T A :
C
C Y (4),Y1(4).FO (4).F1(4).F2(4) USED TO STORE INTERMEDIATE
C VA L UES OF THE INDE PENDENT VARIABLE AND THEIR DERIVATIVES
C
C ADA I IS -BA SH FO RT H- MOULTON P R E D I C T O R  C O R R E C T O R :

C Y I 4 ( 3 2 ) . F U ( 3 2 ) USED TO S T O R E  LAST 8 STEPS OF I N T E G R A T I O N .
C T H E  P R E S E N T  I N T E G R A T I O N  USES 4 P R E V I O U S  V A L U E S  TO E S T I M A T E
C THE N E X T  V A L U E  SO D0L I B L I NG THE S T E P  S I Z E  CAN BE DONE IF
C A T  L E A S T  4 I NI E G R A I I O N  S T E P S  H A V E  O C C U R R E D  S I N C E  T H E  LAST
C D O U B L I N G  OF THE STEP SIZE
C
C YP (4).YC(4) USED TO STORE THE PREDICTED AND CORRECTED
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C V AL UES O F T H E  I N D E P E N D E N T  V A R I A B L E S
C
C ABMINT USES AN A DAM S-BASH FORTH -MOULT ON PREDICTOR-CORRECTOR
C I NTEGRATION SCHEME . START UP IS ACCOMPLISHED BY BACKWARD

-• C I NTEGRATION WI IHA RUN G E-KUTTA SCHEME AND MISSING VALUES
C HEEDED WHEN HALVING Till STEP SIZE ARE PROVIDED USING THE
C SAME R U N G E — K U T T A  SCHEME
C
C
C D E C L A R E  V A R I A B L E S
C

I M P L I C I T  R E A L ’8  ( A - H . O — Z )
RE ALt 8 S ,EPS.E RR ,DS .DT ,T S TOP ,TDIF I .TDIF2 .H2 .H3.H6.H8 .H.T .ERR I.
.YP(4).YC (4).YINT (4).YTAB (5.1),FO (4).F1 (4),F2(4),Y1 (4).Y (-1),FP(4).
.ON2 4/Z3FAAA AAAAAA AAAAB / .ERST .FW (32),32*0.D0/ ,YW (32)/32~~0.DO/,
MST OP. M’-.CH • SSTOP. SDIF 1. SOIF 2 , H924. CCC 1/Z416 1C71C71C7 1C 72/ ,
.CCC2/14168138E33E38E39/ .CCC3/Z4 141C71C71D71C72/. FRAC
INTEGER’ 4 I .J.K . TND , IN T , IN2 , IN3 . 1H4 . IT .DOUBLE
LOG ICA Lt 4 DO NE

C
C START UP USING INTEGRATION BY 410 ORDER R-K C 1/32 OS
C

VCH I :PRCTiYINT (ITS)
V C N 2 : P R C T t V C H 1
F R A C 1 . D O
MACH :1.649959D8~ M S T O P * M S T O P
MrIAX :NIIAX

15 DT~~.O31 25DOtDStFRAC02 : DT * . EDO
H3:DT/3. DO
H6:H3t .5 00
H8:H2* .2500 

-
•

T~ SIND :4
00 11 I~~1.4

11 YTA B (I .1)~~Y I N T (I )
YTA B (5,1):S
CALL F (T.YINT .FO.AO ,C9 99)
DO 1 1: 1 .4

Y (I):YINT(I)
Y W ( I ) ~~Y I H T ( I )

I F~~( I ) : F O I)
DO 2 1:1,3

DO 3 J :1.2
DO 4 K : 1 ,3

4 Y 1 ( K ) : F 0 ( K ) i - H 3 + Y ( K )
CALL F (T-i-H3 .Y 1 .F1 .AO.C 999 )
IT O 5 K :T .3

5 Y1 (K)~~(FO (K)+F1(K))*H5+Y (K )
CALL F (T+ H3.Y 1 ,F1 .AO.C999)
DO 6 K :1,3

6 Yl (K) :(F 1 (K)t3 . DO~ FO (K) )*H8+Y(K)CALL F (T+H2.Y1 .F2.AO.C999)
DO 7 K : 1 ,3

7 Y1 (K):(F2 (K)~~4.DO_ F1 (K )t3.DO ~I~FO (K))*H2+Y(K)
T :T-’DT
CALL F (T .Y1 .F1.AO.C°99)
DO 9 K :1,3

9 Y ( K 1 : ( F2 ( K ) * 4 . O 0 + f l ( K ) + r O ( K ) ) * H6 + Y ( K )
3 CALL F (T.Y.FO .AO.C999)

DO 8 J:1,4
‘rW ( IND+J):~ (.5)8 FW (IND+J):FO(J)

2 IND :IND+4
IF (YUfl2+ITS).LT .VCH 1)GOTO 16
r p A C ~~r R A C * O .  500
6010 15

16 SDIFI :S-SSTOP
5:1
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* FROM COPY FuRNislia TO 1)1)0

TD IF1 :YW (1 )-TSTO P
H :DS F R A C ’ O .  u lh2 5 D O t O N 2 4
~T : D S * F R A C S . 0 b 2 5 D 0
~92 4 : D T * . 3 7 5 D O
E R R : E P S % F R A C 4 . O 1 5 6 2 5 D 0• ER R 1 : E R R * O .  0 3 1 2 5 0 0
!~ 1:0
INI:4
‘ N 3 : S
1N4 : 12
IT C E :4
CONL :.FA LSE .

C
C END I N I T I A L I Z A T I O N
C

I :2
50 DO UBLE :DCIIBLE_ 1
55 C C N T I ~~UE

00 20  j : 1 , 3
20 ~P(2):-.~~(IN .1÷J)+HC )24* (CCC1SFW(IN4 +J)_ CCC2 *FW (IN3+J )

- ~C C C 3’ F~~~IN2 + J )—fL (IN 1+J) )
C A L L  F~~S .L ’T .YF.FP.A 0.C999 )

~C 30 j : 1 .3
30 ~~(j): -~ 4 (IN 4+J)+Hs (q *FP (J)419. *F W (1N4+J )_ 5. SFW (IN3 + J)

F t~ ( I N2 + ’)
T r I r 2 :~~c (  )—T S T OP
IF ( C S I G N  ( T I F 2 .  T O I F  1) . NE . T D I F 2 ) D O N E : . T R U E .

:r(~~sI~~~(s~~I F 2 . s o I F 1 ).NE SDIF2 )DONE : .TR1 IE .
35 C A l L F ( S ~~~T . ~~C . F P . A O . C ~~~

))
: F ( ~~C c 4 )  ~~~~C (-~~) . G T ~~ ’A C H ~~i C ( 1 ) ) D O N E : . T R U E .
E R S T -~E 3 Su - r P (1)-- -

~C (1))/(1’ABS (Y’ (1))~~DAB S(YC(1 )))
ERsr :C~~\T (CAES (~~P(2)-YC (2))/ (DADS(YP (2) )+DABS (YC (2))).ERST)
:F(~~~~s(~~c (3r+ oABs (yr (3)) .LT. 1.E— 3O )c-oTo 220
ERST :D~~~\1 (0A ’3S (YP (3)—~~C ( 3) )/(DABS (YP(3) )+DABS (YC(3)) ) .ERST)220  I F ( 0 A I T S (~~C ( 4 ) ) ~~C A B S ( Y P ( 4 ) ) . L T . 1 . E — 3 O ) G 0 T O  2 1 5

S T :~~~T X I ( r A E ~S ( Y N d ) _ Y C ( 4 ) ) / ( O A B S ( Y P ( 4 ) ) + D A B S ( Y C ( 4 ) ) ) . E R S T )
2 1 5  I F Y ~C ( I T S ) . c . T .~~CH 2 1 C 0 T O  90

:r (ERST .c,T.ERR)c-oTo lO Ll
• I F (ERS T .LT.ERR I )G OTO 200

2 05 S~~S÷DTIN 1 :IN2
iN 2: I l~ 3
IN3~~IN4
1N4 : MDD (  IN-l i- -I , 32 )
DO -~J .1: 1 .4

Y i J ( I N 4 - I - J ) :Y C ( J )
40 F14 ( I N .4 - ,-J) :FP(j )

I F ( Y C ( I T S )  . L T . V C H I ) G O T O  50
DO 60 J : 1 ,4

60 Y T A B ( J . I ) : Y C ( J )
YTA B (5. I ):5
1:1+1
I F ( I . G T . N M A X ’ G O T O  10
VCH 1 :VCH2
I~I C H 2 :  FR CT V C H I
I F ( 0 C ’ ~E ) G O T 0  10
G O T 3  50

90 IA C C : 1
G O T O  103

100 IA C C : O
103 CONTINUE

C
C SECTIO N THAT HALVES INTEGRATION STEP
C

IF (DT.LT. 1 .0— 1 )GOTO 205
IF (DT .G T .DS )GOTO 109
E R R : E R R $  . 50 0
E R R I :E R R I * . EDO
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THIS PAGE IS BEST QUALITY F ACTICABLZ
FROM COPY FURNISHED TO DDC

109 DT:DT* .500
H:DT *ON24
H924:DT* .375D 0

— C
C R E A R R A N G E  W O R K I N G  A R R A Y S
C

- 
- 

IT:!IOD (IN4+12,32)
J:IN4
00 101 K 1 .4

FW( IT +K):FW (1N4+K)
101 YW (IT+K) :YW (1N4+K)

1N4 :IT
IT:MOD(IN3+8 , 32)
DO 102 K: 1,4

FW( IT+K ):FW ( 1N3+K)
YWCIT+K )ZYWUN3+K )
FW ( I N 3 + K ) Z F W ( I N 2 + K )

102 YU (IN3+K ):Y14 (IN2+K)
IH2 :IT
IT :IN3
INl:J
IN3 :FIOD( IN2+4. 32)

C
- - C GENERATE MISSING INFORMATION W I T H  4T H ORDER R- K

C
H2:DT*.2500
H3:DT/6 .  DO
H6 :H3* . S D O
H8:H2t .2 5 D0
T~~S— (0 1+01)
00 110 .5:1.4

Y ( J ) :Y W ( I N2 + J )
7 10  F O ( J ) : F W ( I P 4 2 + J )

00 120 J :l .2
DO 130 K:l ,3

130 Y1 (K) :FO (K )i-H3+Y (K)
CALL F (T+03 .Y1,Fl,AO.C999)
00 140 K:I ,3

140 Y l  ( K ) : ( F 0 ( K ) + F  1( K)  ) H6-i-Y (K)
CALL F (T+H3 .Yl,F1,AO .C999)
DO 150 K : 1 • 3

4 150 Y 1 ( K ) : ( F 1 ( K ) t 3 . D 0 + F O ( K ) ) ~~H 8 + Y ( K )
CALL F (T+H2.Y1 ,F2,AO,C999 )
DO 160 ( :7 ,3

160 Y 1 (K):(F2 (K)*4.D0—F1 (K)*3.DO+F0 (K))*H2+Y(K)
T :T+H2 + H2
CALL F (T ,Y1 ,F 1 , A0,C999)
DO 180 K:1 ,3

180 Y(K):(F2 (K)*4.DO+Fl(K)+FO(K))*H6+Y (K)
CALL F (T,Y,F0.A0.&999)

120 CO N T I N U E
DO 170 .5:1,4

FW (  IN3+J) :FO(J)
170 Y W ( 1 N 3 - f J ) :Y ( J )

00 115 J:1, 4
Y ( J ) :Y W (  IT+J )

115 F0 (J ) : F W ( I T+ J )
T:S-4. DOtDT
DO 125 .5:1 2

DO 135 K:1,3
135 Y1 (K):FO (K)*H3+Y(K)

CALL F (T+H3 .YI.F1 .AO.C999 )
D O 145 K:1,3

145 Y1 (K):(FO(K)+F1(K) )*H6-i-y(K)
CALL F (T+03,Y1,F1,A0.C999)
DO 155 (:1 3

155 Y1 (K):(F1 (K)*3.D0+FO(K))*H8+Y (K)
CALL F (T+H2 .Y1 .F2 ,AO,C999)
DO 165 K:1 ,3
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FROM QOPY FURNISHED Ti) 1)1)-C

165 Yl (K):(F2(K)*4.DO_FI (K)*3 .D0+FO (K))*H2+Y (K)
T :r-i-H2+02
CALL F (T .YI.F1,A 0.C999 )
DO 185 K: 1 .3

185 Y ( K ) : ( F 2 ( K ) * 4 . O O ÷ F 1 ( K ) + F O ( K ) ) * 0 6 + Y ( K )
CALL F (1 .Y. F0.AO,C999)

125 CON T IN II E
- DO 175 J :7 , 4

F W (  IN 1+3) :FO(J)
175  Y W ( I N 1 + J ) :Y ( J )

6010 55
C
C RETURN TO A BM P-C I N T E G R A T I O N  W I T H  NEW STEP SIZE
C

200 C O N T I N U E
C
C SECTION THAT DOUBLES INTEGRATION STEP SIZE
C

I F ( I A C C . E Q .  1)6010 205
I F ( 0 0 0 B L E . G E . O ) G O T O  205

• DO U B LE :4
- 5:5-DT

D T : D T + D T
H:IIT ‘O N 2 4
H q ~~4 :~~~ 3 75 D 0
IF (DT .ST.PS )GOTO 209

- 

- ERR :ER R- i-ERR
- 

- E R R 1 : E R R 1 + I R R 1
• 209 K : M O D ( I N . I +4 . 3 2 )

rT : r 1 C I O ( f N~l-l~1 2 ,32 )
I DO 21 0  3 : 1 .4

FW ( I N4 + J ) ~~FW ( I N 3 f J )
YU (II-4-4+J)-~~Y~4 (IN3i-J)1 FW (  IN3~ ~J )  :f W ( IN 1+3)

- ‘ Y W ( I N 3 + J ) :Y W ( I N 1 + J )
F W ( I N 1 +J ) : F W ( k + J )

- Y W ( I N I + J ) : Y t i ( K 4 - J )
F W (  1 N 2 + J ) Z F W (  IT + J )

- 210 YI I ( I NC i-J ) :Y I .J ( IT+J )
G O T O  205

10 N M A X : I - 1
R E T U R N

999 CONTINUE
• 6001 FO Rr -1AT( 1H • ‘FATAL ERROR I OR S OUT OF TABULATED RANGE’)
• W R I T E ( 6 . 6 0 0 1 )

S:-S
- NIIAX :I

RETURN
E N D
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* TH IS PAGE IS BEST QUAL ITY FRAcrIcABLz S

J~~JJ COF Y FURN I SU.EI) i’O 1)-D C - .

(TIVF

D1 V F CSECT
*

DIV F (S , Y .DY.AO. 5) OR DIVF(S .Y ,TA B)
* REAL 48 S.Y(4).DY (4).A0 REAL’8 S.Y(4).IAB (8)
S

T H E  F I R S T  F O R M  OF T H E  C A L L  C A I C U A L U S  111 1 D E R I V A T I V E S
S

Dr/OS : DY (I)/OS • ON/OS OY (2)’ITS C tIQ/DS : DY . 3)/OS
*
• AND STORES THEN IN ARRAY DY . Ti ll VALUE OF V 1( 4 )  IS COM PUTED
• FROM T H E  C O N S E R V A T I O N  LAW NV A : C O N S T A N I  AND S I U R I D  IN 1 ( 4 ) .
* T H E  R OU T I N E  I N I E R ~ OLAT [S TIlE VAL U ES OF PRAR~1 FILR S NI EDL O FOR
* T H E  C A L C U L A T I O N S  FROM T A D V I A T I O N S  OF 4 F U N C t I O N S  OF S ONLY AND
* 4 FUNCTIONS OF I O N L Y .  IF S OR T IS OUT UI Ti l l. T A D E I L A T E D
$ R A N G E .  THE O F F E N D I N G  Q U A N T I T Y  IS N L G A I I D  AND 11ff R O U T I N E  OL T I S

T HE EQUIVALENT OF A FORT RAN RI 1 L I RN I .
*
* TI4~ S E C O N D  F ORM OF THE C A L L  S I A T t~1I NI ( E T I S I  ING UIS HI  Ii I RO N THE

FIRST BY THE NIIMBIR OF AR GL IM1 H I S)  CA L CULAU S T H E  I N T L  R I ’ O LA I [ L)
VALUES OF G (S).DA,-DS (S).SOU RCILS T . AR LA (S ) AN IT 1~~KArrA (1).

* L A M B O A ( T ) .  C H I C T )  AND D C H I , L T T ( I  1 A N D  S T O R E S  T H U I  I N  T A R .
S S

* THERE IS A SECOND ENTRY POINT (DI~~~~T) W H I C H  P I C K S  LIP
S AND STORES LOCALLY TH E AD DRESSES UI TI - I l T A L T U L A T  IONS OF
* THE FUNCTIONS NEEDED FOR THE CALC t I LAIIL TNS.

* *
* NOTE THAT THIS MEANS THA T ME A NINGL E SS RESULTS
* W I L L  RI PRODUCED IF DIVINT IS NOT CA LE LD B [FOR [
* THE FIRST TINE DIVF IS CA L L E D .  IT IS EVL H “OSSIBI E
* THAT SOME SORT OF ABE NO W I L L  RESULT.
S
S

• T H E  F O L L O W I N G  TWO I ORT RAN SUBRI)(IT IN IS AR E R OUGHL V I QL I I V A L  I NT
• TO THE T W O  C A L L S  TO D I V F  ( L T I V I N I  IS NUT RI- i* RUL T UCI  (1)
S

S UBR O LIT IN E D I V F ( S Y . D Y . A O . ’)
IM P L I C I T  REAL 8 (A-H .O—2 )

* DIM [NSION Y(4),DY (~I’• R EAL’ 8 KOMH / 8 . 2 9 8 9 7  ~~D7/  .1 ION’ 1. O 4 6 4 6 O ’D~~- . KA Y / I .  3~~O~~?D I (~ /
DY (1T:— Y (~~)$OKAP(T )
Y ( 4 ) : A O ( Y L ) ’ A ( S T )
DY( 2 z~~y (  2 ) ’ ( l  (4 )  ~~1 ( ~t ) ’ p f l p c ( S )  — D l  ( 1 1  ‘KOM H

• - ( ( 1 .1104 Cii 1 ( 1 ) ) ’  ( 1 ‘DCII 1 ( 1 )  ~- 0 ( S ’  $ 5 1  /
• - ( KO M H i - (  I - D O G C H I  ( I ) )  ~ ( 1 ) — )  ( 4 )  $~~ ( - I ) )
* DY (3) — ( L (1’ $ C H I 1) ‘1 ‘ ) 1) ( ‘ ( 1  . !‘DO’ $ (- 1) ‘YLZ ‘ K A Y * I T Y ( 1 )
* - * ((I - ITCi - CU I (I I • ( V ( I )  — T I  (T N) ‘ I T CH 1 ( 1 ) ) )  • ( I  - (ul CU I 1)) ‘KAY
$ .‘Y (l)’Y(4)5DYL ~))4SOR(S)-Y (3) PA DS
* RETURN
* E N D
*

SUBROUTINE DIV F ( S .Y.IAD T
• ‘- IMPLICIT R1A L ’ .~ (A- H.O )

* DIM ENSION Y(41 , tAB (8)
* T A R t ) )  C ( S )

T A B ( 2 ) : DA I I S ( S )
$ TAB(3)~~S0R(S)* TAR (4 )-A (S )
* TAB 5):OKAP (T)
* TAB (6):L(t )
* TAB (7):CHI (T)

TAB 8):DCH ICT )
* RETURN
* E N D
*
* NOTE : IN THE COMMENTS ‘R ’ R F I(RS TO G E N E RAL PURPOSE REGISTERS
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FROM COPY FURNiSHED Ti) 1)-D C

* A N D  ‘F ’  R E F E R S  T O F L O A T I N G  P O I N T R E G I S T E R S .
*

U S I N G  ~ ,15 TELL ASSEMBLER NEST INST ADDR IN R15
B D F I R S T  B R A N C H  A R O U N D  NAME A N D  O T H E R  E N T R Y  P O I N T
DC X ’04’
DC C L 5 ’D I V F

*
* D I V I N T ( G , O A D S , S O R . A R E A , O K A P , L L I M , C H I , D C H I )
* R E A L ~~8 G (563).DADS (563).SOR (563).AREA(5 63),
* R E A L~ 8 OKAP (820),LUM (820).CHI (820).DCHI (82O)S

E N T R Y  D I V I N T
USING •,15 TELL ASSEMBLER NEXT INSTR ADDR IN R 15

D I V I N T  B T F I R S T  B R A N C H  AR OU ND N A M E
DC X ’ 06 ’
DC C L 7 ’ O I V I N T

TFIRST STM 14.12 .12 (13 ) SAVE CALLING ROUTINES GPR ’S
LM 2.9.0 (1) G E T  BASE A D D R ’S OF I N T E R P O L A T I O N  T A B L E S
STM 2.9.GA DDR SAV TABLE ITASE A ODR ’S
Lr l 2 .9.28 (13) RESTORE CALLING ROUTINE ’S GPR’S

• MIll 12 (13 ) .X’FF ’ INDICATE CONTROL RET u RNED
BR 1 4 R E T URN F R O M  I N I T I A L I Z A T I ON

-c

- M A I N  R O U T I N E  R E S U M E S
*

USING D IVF ,1 5
DFIRST STN 14 .12 .12 (13) SAVE CALLI NG ROUTINES CPR ’S

• L 2 . 0 ( 1 )  R2 <: AD DR S
LM 3.6,C-A DDR R3-R6 (: A D O R ’ S  OF T A B L E S  F OR S
MVC rLOAT ÷ T (6),2(2) FLOAT <~ FRACTIONAL DISTANCE FROM

- 
S NE XT SMALLER VALUE OF S TABULATED.

LH 1 2 , 0 ( 2 )  R 12  (: HIGH ORDER BYTES OF S
S 12.SDISP REDUCE R 12 BY SDISP — * WORDS F R O M

• * D ASE OF T A B L E S
LD 4,FLOA T 14 (: FRACTION 0 LI F R A C  L I  I
RN BAI T S I F  R E SU L T  IS  N E G A T I V E  OU T OF R A N G E

* G O T O  B A I T S
C 12,SBND COMPARE R1 2 TO SBND — IF GREATER
RH BA ITS OUT OF RANGE GOlD BAITS
SD 4,:D .5~ 14 < :  X F R A C  — . 5  — .5  LI X LI .5

• SLA 12.3 R1 2 <: R1 25 8 NOW BYTE DISPLACEMENT
* FROM BASE OF INTERPOLATION TABLE.
*
* NOW COMPUTE WEIGHTS FOR CUBIC INT ERPOALTION OF

• F UNCTIONS OF S
*

LDR 2 ,4  12 (: X
r_ DR 4.4 F4 <: x 5 2  X2
HOR 4,4 F4 <z  X2/2
SD 4,:D’1 .125’ 14 <: X2/2 — 9/8
LDR 6 ,4  F6 (: X2/2 — 9/8
HOR 4,4 14 <: X2/4 — 9/16
MO R 6.2 F6 (: X3’2 — .X/8
LCDR 0,4 FO (: -X2/4 + 9/16
A DR 0.6 10 <: X3~~2 — X2/4 — 9X/8 + 9/16
STO O ,WM1 WM 1 (: W EIGHT FOR TABLE ENTRY CORRESPOND—

* 1MG TO CLOSEST SMALLER VALUE OF S.
LCDR 0 , 4  10 : -X 2 / 4  + 9/ 1 6
SDR 0 ,6  10 <: -X 3 / 2  - X 2 / 4  + .X/8 + 9/16
SILT 0.WP1 WPI <: WEIGHT FOR TABLE ENTRY CORRESPOND—

* 1MG TO CLOSEST LARGER VALUE OF S.
AD R 6.2 16 <: X 3 ’ 2  — X/8
AD 4 . :D’ .5 ’  F4 (: X2/4 — 1/16
MD 6 , :x ’ 4 O 5 5 5 5 5 5 5 5 5 5 5 5 5 5 ’  15 <: X3/6 — X/24
LDR 0,4 10 <: X2/4 — 1/ 16
SOR 0,6 10 <: -X3/6 + X2/4 + X/24 — 1/16
AOR 6 ,4  16 <: X 3~’& + X2/4 — X’24 — 1/16
STD 0,WM3 WM3 (~ WEIGHT FOR TABLE ENTRY CORRESPOND—

* INC TO 2ND CLOSEST S M A L L E R  V A L U E  OF S .
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FROM COPY FURNISHED TO DDC --

• STO 6,WP3 WP3 ( W E I G H T  FOR TABLE ENTRY CORRESPOND-
* 1MG TO 2ND CLOSEST LARGER VALUE OF S.
S

* NOW CALCULATE INTERPOLATED VALUES OF GR AVITY AND PA/OS
* (HAVE W E IGHTS FOR TABLES ENTRIES 1 C 4 IN FPR ’S 0 C 6)
*

LDR 4,0 F4 <: W E I G H T  1
LDR 2 . 6  12 (: W E I G HT 4
(ID 0 . 0 ( 3 . 12 )  FO <: W E I G H T  1 GRAV 1
MD 2 . 2 4 ( 3 . 1 2 )  12 (~ W E I G H T  4 ~ SRAV 4k MD 4 . 0 ( 4 . 1 2 )  F4 <: W E I G H T  1 • OA IDS 1
rio 6 , 2 4 ( 4 , 12 )  Fl, (~ W E I G H T  4 ‘ (TA/OS 4
ADR 0.2 FO <: W I ’ C - l + W 4 ’ G
AD R 4 ,6  14 <: W 1~~D 1 + (445fl4
ID 2 .WM I 12 < : WEIGHT 2
LDR 6 . 2  F6 (~ W E I G H T  2
110 2 , 8 ( 3 ,  12 ) 12 (: W 2 ’ G 2
MD 5 . 8 ( 4 , 1 2 )  16 < W 2 ’ D 2
ADR 0 .2  FO (: W 1 G I  + W4 ~~G4 + IJ2~ G2
ADR 4 . 6  14 <: W 1 ’ D l  + W 4 5 D 4  + W2 ~~D2
LIT 2 .WPI F2 (: W E I G H T  3
LDR 6, F5 (: WEIGHT 3
MD 2,16(3 .12) F 2 <  W 3 1 G 3
MD 6 . 16 ( 4 , 1 2 )  16 <: 143 ’O 3
AUR 0 ,2  F2 ~~ I N 1 ER~ O L A T E D  V A L U E OF G
A PR 4 , 6  F4 <: I N T E R P O L A T E D  V A L U E  OF P A / O S
SID 0.6 6 (: I N T E R P O L A T E D  V A L U E  OF G R A V I T Y
SILT 4.I)ADS DADS <: INTERPOLATED VALUE OF DA/DS
LET O,WM3 10 <: WEIGHT 1
LIT 2 , W P 3  12 < z  W E I G H T  4

*
* NOW C A L C U L A T E  V A L U E S  OF S O U R C E  A N D  A R E A
* ( HAVE WEIGHTS I C 4 IN FPR’S U & 2)
S

• LOR 4,0 F4 (: WEIGHT 1
LDR 6 ,2  f 6  (: W E I G H T  4
110 0 . 0 ( 5 . 1 2 )  Fl) (: W E I G h T 1 SO UR C E 1
I-ID 2.24 (5.12) F2 <~ W E I G H T  4 ~ S O u R C E  4
MD 4 , 0 ( 6 , 12 )  F4 <: W E I G H T  1 * A R E A  1
I-ID 6 24 (6.12) 16 <: WEIGHT 4 ~ A R E A  4
AD R 0 . 2  10 : W 1 ’ S l  + W 4~~S4
ADR 4 . 6  F4  (z  W 1 3A1 + W 4 4 A 4
LI) 2 . W M 1  12 (: W E I G H T  2
LDR 6.2 F6 <:  W EIGHT 2
MD 2,8 (5,12) 12 <: W2 S2

• MD 5 , 8 ( 6 , 1 2 ) 16 (: W 2 ’ A 2
ADR 0 , 2  Fl) (: W 1 ’ S 1  + l44~~S-1 + W 2~~S2
ADR 4 . 6  14 <: 1 4 1 ’ A l  + 14- I ’A4  + 14 ’ 5A2
ID 2.14P1 12 (: I 4 E I G H T  3 *
LDR 6 . 2  F (: W E I G H T  3
F-ID 2.16 (5.12 ) F2 <: W 3~~S3
MD 6. 16(6 ,  12) 16 <: W3 ~ A3
A DR 0 ,2  12 (: INTERPOLATED VALUE OF SOURCE
A O R 4 . 6  14 <: I N T E R P O L A T E D  V A L U E  OF A R E A
STD O .SOR SOR <: I N T E R P O L A T E D  VALUE OF SOURCE
STD 4 .AREA AREA <: INTER POLATED VALUE 01 ARIA

*
~ C A L C U L A T E  I N D E X  A N D  F R A C T I O N A L  D I S P L A C E M E N T  F O R  I N I I R P O L A T I ON
* ON TEMPERATRUE (T) TABLE
*

L 2,4(1) R2 < : BASE AD OR V A RRAY
111 3.6.KADDR R3-R6 : BASE A DOR ’S TABLES FOR

* I N T E R P O L A T I O N OF FL I N C T I ONS O F T
MVC FLOAT+1(6).2 (2) FLOAT <: F R A C T I O N A L  D I S T A N C E  FROM

* N E X T  S M A L L E R  V A L U E  O F T T A B U L A T E D .
IN 12,0 (2) R 12 <: HIGH ORDER BYTES OF I

• S 12.TDISP REDUCE R 12 BY TDISP — * WORDS FROM
* BA SE O F T A B L E S

LIT 4 .FLOAT F4 (: FRACTI ON 0 LI FRAC El 1
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FROM COPY FURNiSHED TO 1)-D
C —

BM BADS IF  RESULT IS N E G A T I V E  OUT OF R A N G E  • -

* GOTO BADS
C 12 .TBND COMPARE R 12 TO TBHD — IF GREATER
BH BADS OUT OF RANGE GOTO BADS
SD 4 .D ’ .5’ F4 (: 

~ : F RAC — .5 — .5 LE X LE .5
SLA 12,3 R1 2 <: R 1 258 NOW BYTE DISPLACE MENT

* FROM BASE OF INTERPOLATION TABLE.

S NOW COMPUTE WEIGHTS FOR CUBIC INTERPOALT ION OF
• * F U N C T I O N S  OF I

*
LDR 2 ,4 F2 < : X
MDR 4.4 F4 <: X 2  X2

• HDR 4,4 14 (: X 2 / 2
SD 4,:D’1 .125 ’ 14 <: X2 /2  — 9/8
LDR 6,4 F6 : X2/2 — 9/8
HDR -1 ,4 F4 <: X2/4 — 9/16 •

- 
-

rIoI~ 6 , 2 16 <: X3 /2  — 9X/8
LCDR 0,4 FO <: —x2 14 + 9/16
ADR 0,6 FO <: X3/2 — X214 — 9X/8 + 9/16 1 -
STD O,WM1 WM1 (: W E I G H T  FOR TABLE ENTRY CORRESPOND— - -

* INC TO CLOSEST SMALLER VALUE OF T.
LCDR 0, 4 FO <: — X 2 / 4  + 9/16
SOR 0,6 10 <: — X 3 / 2  — X214 + 9X/8 + 9/ 16
STD O,WP 1 WP 1 (~ WEIGHT FOR TABLE ENTRY CORRESPOND—

* ING TO CLOSEST LARGER VALUE OF T.
- . A D R 6 ,2  16 <: X3/2 — X/8

AD 4 ,:~~’ .5 ’  14 (: X 2 / 4  — 1/ 16• ND 6.:X ’4055555555555555’ F6 (: X3/6 — X/24
LO R 0 ,4 10 <: X 2 / 4  — 1/16

- ‘ SO P. 0 ,6 10 (: —X3 /6 + X2/4 + X/24 — 1/16
• A ( T R 6 ,4  F6 <= X3/6 + X2/4 — X124 — 1/16

SILT O.WM3 14M3 <: W E i G H T  FOR TABLE ENTRY CORRESPOND—
* ING TO 2ND CLOSEST SMALLER VALUE OF T .

• STO 6,WP3 WP3 <: W E I G H T  FOR TABL E ENTRY CORRESPOND—
* 1MG TO 2ND CLOSEST LAR GER VALUE OF T.
*• • NOW CALCULATE INTERPOLATED VALUES OF 1/KAPPA(T ) AN D L
* (HAVE WEIGHTS FOR TABLES ENTRIES 1 C 4 IN FPR’S 0 C 6)
S

LDR 4.0 14 <: W E I G H T  1
LD R 2 .6  12 <: W E I G H T  4
MD 0. 0 ( 3 . 1 2 )  FO <: W E I G H T  1 * K 1
MD 2,24(3,12) 12 <: W E I G H T  4 * K 4
MD 4 , 0 ( 4 , 1 2 )  F4 <: W E I G H T  1 * L 1
MD 6,24(4,12) FE, <: W E I G H T  4 * L 4
AOR 0,2 FO <: Wl’- Kl + W45K4
ADR 4.6 F4 (: 141 L1 + 144*L4
LD 2,14 111 F2 <: WEIGHT 2
LOP. 6.2 F6 <~ W E I G H T  2

• MD 2,8(3,12) F2 <: W2~ K 2
113 6,8(4,12) Ff3 <: W2~ L2
ADR 0 ,2 FO (: W T K1 + 1445 K4 + W2 K2

• ADR 4 , 5  14 <: W 1 3 L I  + W 4 5 L 4  + W 2 5 L 2
LD 2,WP1 12 <: W E I G H T  3
LDR 6 .2  16 <: WEIGHT 3
MD 2 , 1 6 ( 3 ,  12) F2 <: W3 K3
MD 6,16(4,12) F6 <: W3 5 L3
ADR 0. 2 F2 <: I N T E R P O L A T E D  VALUE OF 1/KAPPA
A OR 4.6 14 <: INTERPOLATE D VALUE OF L
STD O ,0KAP OKAP <: INTERPOLATED VALUE OF 1/KAPPA
STD 4,LUM LUM (~ I N T E R P O L A T E D  V A L U E  OF L

*
* CHECK TO SEE IF GAS FULLY IONI ZED CT ) 65,536, BYTE OISP > 3BC (HEX)),
* IF SO SKIP INTERPOLATION OF CHI AND DCHI/DT . IF NOT CONTINUE
*

C 12 .HBYTE
BC 2 ,H IGH T
ID O ,WM3 10 <~ WEIGHT I

119

-
~~~

-
~
- E~i~~~: ~~~~ ~~~~~

-
~~~~~~~~~~~~

------- :: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ •— _--~~-~~~ • - - —~~~ - —~~~~~~



— ~~~~~~ ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TH IS PAGE IS BEST Q A L I T Y P R L CIB~~
FROM COPY FURNISHED TO DDC

ID 2,WP3 12 <: WEIGHT 4
*
* NOW CALCULATE VALUES OF CHI AN D DCHI/DT
* C HAVE W E I G H T S  1 C 4 IN F P R ’ S  0 C 2)
*

LOR 4,0 14 ( WEIGHT I
LDR 6,2 16 <: W EIGHT 4
MD 0 ,0(5, 12 ) 10 (: WEIGHT 1 * C H I  1
MD 2,24(5, 12) 12 <: WEIGHT 4 * CHI 4

• MD 4.0(6.12) 14 <: WEIGHT 1 * DCHI/DT 1
MD 6,24(6, 12) F6 <: W E I G H T  4 * DCHI/DT 4
APR 0.2 10 (: W 1 * C l  + W4 * C 1
ADR 4,5 14 <~ w1~~D1 + W4*D4
LD 2 ,WII 1 F2  (: W E I G H T  2
LOR 6,2 F6 <: WEIGHT 2
MD 2,8(5, 12) F2 <: W25C2
MD 6.8(5, 12) Ff3 <: W2 D2 -
ADR 0,2 10 <: 141 5C 1 + W4*C4 + W2 C2
ADR 4,6 F4 <: W 15 D 1 + 1445p4 + W2 D2
ID 2,WP1 12 <: W E I G H T  3
LDR 6,2 F6 <: WEIGHT 3

• MD 2, 16(5,12) F2 <: W3 C3
MD 6, 16(5, 12) 16 (~ W3 D3
ADR 0.2 F2 <: INTERPOLATED VALUE OF CHI
APR 4,6 F4 <: INTERPOLATED VALUE OF DCHI/DT
STD O,CHI CHI <: I NTERPOLATED VALUE OF CHI
STD 4,DCHI DCH I <: INTERPOLATED VALUE OF DCHI/DT

-- - UI 3,4,8(1) GPR’S 3C4 <~ BASE ADDR ’S OF DY AND AO
* 

LTR 3,3 CHECK IF 3 NEGATIVE IF SO IS LAST
BM TABL PARAMETER — GOTO TABL
ID 2,OKAP F2 <: 1/KAPPA
LNDR 2,2 12 <: — 1/KAPPA
MD 2. 16 (2.0) 12 ( —Q/KAPPA = UT/OS
STD 2.0(3,0) STORE DT/DS

• AD O,:D’l. ‘ FO <: 1+CHI
ID 2,0(4,0) F2 (: ALT NO UO AO
ID l,,A REA 16 <: AREA
MD 6,8(2,0) 16 < A REA * N

• • DOR 2.6 F2 <: ( NO* UO *A O ) / (AREA * N ) : u
STD 2,24(2,0) STORE U (VELOCITY )
FTDR 2,2 12 <: U** 2 -

•

• LDR C.0 Ff3 <: l+CH I
MD 6, KOMH 16 < (K ( 1+C HI) )/M I f
I-ID 6,0(0,2) Ff3 <: ( K T * ( 1 + C H I ) ) / M H
SDR 6,2 16 (: ( KT * ( 1 +C H I ) ) / M H  — U**2
MD 2,DADS F2 <: DADS*U**2
SD 2,6 12 (= DADS~ U**2 — CS
I-ID 4,0(2,0) 14 <: DCHI/DT*T
ADR 4,0 14 <: ( I+CHI)  + DCHI/DT*T
MD 4,KOMH F4 < K/MH w F 4 (It )

• MD 4,0(3,0) F4 <: DT/ DS F 4 ( t )
• SDR 2,4 F2 < F2 ( $ )  — F4($)

lID 2,8(2,0) 12 <: F 2 ( $ ) * N :
*
* F2 ( N* (U**2* DA/DS — DT,DS*K,MH* ((1+CHI)+T*DCHI/DT) — CS)
*

DDR 2,6 12 ( OH/OS
STD 2,8(3,0) STORE ON/DS
I-IDR 2,0 12 <: (1+CHI)*DN/DS
ID 4,0(2,0) 14 ( T

• I-IDR 2,4 12 < T* (I+CHI)*DN/DS
SD 4,TION 14 <: T — TI
PlO 4,DCHI 14 <: (T—TI) DCHI/DT
ADR 4,0 F4 <: (1+CHI) + (T—TI)5DCHI/DT
ID 0,8(2,0) 10 (: N

• MDR 4,0 F4 (: N (  1+CHI + (T—TI)*DcI.fI/DT)
I-ID 4, :D’l.S’ F4 (: 3/2 * F4($)
MD 4,0(3,0) 14 <: PT/OS * F4($):

*
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110CM COPY FURNISHED TO 1)-DC ~~~~ -

* 14 <: 3/2 0T/D S 5 ( 1+CH I  + (T—TI)*DCH I/DT)
*

SOR 2,4 12 <: ( 1+CH I) *O N, DS*T — 14(4)
MD 2.24(2.0) 12 < F 2 (6 )  * U
MD 2 , K A Y  12 (: K * F2($)
11CR 0,0 10 (~ N 2
(ID O .CHZ Fl) < N3’-2 c CHI
MD 0.LUM 10 <: RADIATIVE LOSSES
SDR 2.0 F2 (~ F2($) — 10(4)
LD 0,16(2 ,0) FO ( 0
MD O , D A D S  FO (: Q/A DA/ DS
SDR 2.0 12 < DO/ PS LESS SOURCE TERM
AD 2,SOR F2 ( UQ/ DS
SID 2. 16(3.0) STORE DQ/DS
LI-I 1 4 , 12 , 1 2 ( 1 3 )  GPR ’S R E T U R N E D  TO O R I G I N A L  S T A T E
MV I 12(13 ),X’FF ’ TELL CALLING PROGRAM WE ’RE RETURNING
BCR 15,14 RETURN

r END OF SECTION FOR I , 65 ,536 N E X T  S E C T I O N  DOES SAME C A L C U L A T I O N S
* FOR FULLY iONIZED CASE
*
NIGHT LII 3,4.8(1) FPR’S 364 <: BASE ADDR’S OF DY C A0

I-IVC OKAP+16 (I6),:X’4110000 0000000000000000000000000’
* C H I  (: 1 C O CHI  < 0

h R  3.3 CHECK 11 3 NEGATIVE IF SO IS LAST
BM TAB I  P A R A M E T E R  - 6010 TABL
MD 0.16(2,0) 10 <: Q/ KA PPA
LCOR 0,0 FO <: -0/KAPPA PT/OS
STD 0.0(3.0) STORE DT/DS
ID 2.0(4.0) 12 <= AO = NO UO A O
LD 4 . A R E A  14 <: AREA
lID 4 , 8 ( 2 . 0 )  14 (z  A R E A N
O C R 2 . 4  12 <~ (NONJO*AO ),(AREA*N) = U
SID 2.24(2.0) STORE U (VELOCITY )
11CR 2.2 12 <~ U~~ 2
LO R 6 , 0  16 (: PT/PS
LD 4,KOMH2 14 <: 2K/MN
11CR 6.4 16 <: 2K/IIH DT,DS
riD 4,0(2,0) 14 <~ 2KT/MH
SDR 4.2 14 <: 2KT / MH — U 2
MD 2,DADS IS <: U~~S2/A &DA/DS
SDR 2.6 F2 <: U** 2/ A * DA/ DS  — 2K/MH*DT/DS

• SD 2.6 12 <~ F2(4) — G• ID 6,8(2.0) F6 <: N
I-lOP. 2,6 F2 <: 12 (4 )  * N
OCR 2.4 F2 <: ON/OS
SILT 2.8(3,0) STORE ON/OS
NCR 0,6 FO (:N*DT,D5
LOP. 4,0 THIS AND THE NEXT TWO INSTRUCTIONS
ADR 0,0 EFFECTIVELY MULTIPLY FO BY 3.
ADR 0.4 10 (: 3N 3 DT/DS
MD 2.0(2.0) 12 < ON/ O S T
ADR 2,2 F2 <~ 2T DN/DS
SOP. 2,0 12 <~ 2T~ DN/DS — 31-( 0T/DS
I-ID 2.KAY 12 <: K* (2 T c D N / D S  — 3N DT/DS)
lID 2.24(2,0) 12 <: K* U S (2 T * D N / D S  — 3N DT/DS)
MOP. 6.6 F6 <: N 2
MD 6, LUM Ff3 <: R A D I A T I V E  LOSSES
SOP. 2.6 12 <: F 2 (4 )  — F6($)
LD 4. 16 (2,0) 14 < Q
MD 4,DADS 14 ( Q/A DA/DS
SDR 2,4 12 <~ DQ/DS LESS SOURCE TERM
AD 2 ,SOR F2 < : 00 /OS
SIP 2,16 (3.0) STORE DQ/DS
LII 14,12,12(13 ) GPR ’S RETURN ED TO ORIGINAL STATE
IIVI 12 (13),X ’FF’ TELL CALLING PROGRAM WE’R E RETURNING
BR 14 R E T U R N

*
* RETURN INTERPOLATED FUNCTION VALUES — NOT DER IVITIVES
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*
TABI MVC 0(64.3),G PUT INTERPOLATED VALUES IN TAB

lI-I 14,12.12(13) RESTORE GPR’S
MVI 12 (13),X’FF’ INDICATE CONTROL RETURNED
BR 14 R E T U R N

*
* CASE OF S OR I OUTSIDE OF THE TABULATED RANGE
*
BADS ID 0.0(2,0) 10 < OFFENDING QUANTITY (I OR S)

It-ICR 0,0 10 NOW NEGATIVE
STD 0.0(2,0) STORE OFFENDING QUANTITY — FLAG
111 14, 12. 12(13) GPR’S RETURNED TO ORIG iNAL STATE
LA 15 ,4 CPR 14 < 4 (RETURN 1)
1PJI 12 (13),X’FF’ TELL CALLING PROGRAM WE’RE RETURNING
BR 14

— CHOP 4,8
*
* STORAGE FOR ADOR’S. CONSTANTS, AND INTERNAL VARIABLES
*
CADDR DC X’OOOOOOOO’
DADDR DC X ’ O O O O O O O O ’
SADDR DC X’OOOOOOOO ’
AADDR DC X’OOOOOOOO ’
KADOR DC X’OOOOOOOO’
LAD OR DC X ’OOOOOOOO ’
CADDR DC X’OOOOOOOO’
DCODR DC X ’ O O O O O O O O ’
SOI SP DC X ’000047 10’
TDISP DC X’00004410’
TBN D D C X ’00000330 ’• SBND DC X’00000330’
HBYTE DC X’00000778’
WM3 DC X ’ O O O O O O O O O O O O O O O O ’
WM 1 DC X ’ O O O O O O O O O O Q OOOOO ’
WP1 DC X’OOOOOOOOOOOODOOO ’
WP3 D C X ’ O O O O O O O O O O O O O O O O ’
G DC X ’OOOOOOOOOOOOOOOO’
DADS DC X ’ O O O O O O O O O O O O O O O O ’
SOR DC X ’ O O O O O O O O O O O O O O O O ’
AREA DC X ’ O O O O O O O O O O O O O O O O ’
OKAP DC X ’ O O O O O O O O O O O O O O O O ’
LUM DC X ’ O O O O O O O O O O O O O O O O ’
CHI DC X ’ O O O O O O O O O O O O O O O O ’
DCHI DC X’OOOOOOOOOOOOOOOO ’
lION DC X’45198C6100000000’
KAY DC X’339F2CB600000000’
KOIIH DC X ’4 7 4 E A B 1 B 0 0 0 0 0 0 0 0 ’
KOIIH2 DC X’479D5A3600000000’
FLOAT DC X’4000000000000000’

END
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of the at mosphere can be taken constant in time . The charge separa t ion required
to drive the reverse current is expected to respond to changes on a time scale
very short compared to the time for the ambient plasma temperature to change signi-
f icant l y ,  so it is a reasonable approximation to use the steady state results for
the electric field. With these simplifications , the heating due to reverse cur-
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