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ABSTRACTI 

Gun and microwave ( ECRH) produced plasmas in toroidal multipoles 

are simulated by a fast general computer program which calculates the 

time dependent, spatially averaged density, electron temperatures, and 

ion temperature by solving three coupled, non-linear, time-dependent, 

first order differential equations from which the spatial dependence has 

been removed by averaging over profiles assumed to be constant in shape. 

Mechanisms included in the ca1uu1ations are microwave heating, ioniza-

tion, atomic and molecular excitations, bremmstrah1ung, synchrotron ra-
diation, charge exchange, electron-ion collisions, classical diffusion, 

obstacle losses, and field decay. Proper treatment of reflux neutrals 

is important. A program listing and discussion of program usage are 

included. 

1This PLP is an expanded version of a talk given at the Philadelphia APS 
meeting on 2 Nov. 1973. It is also an updated version of PL P 505 by 
Sprott.and is the promised PL P cited by Sprott in PL P 535. Examples of 
results of use of this program - the remainder of the APS talk - will be 
presented in a separate PLP. 



I. Introduction 

This paper describes a fast, simple, time dependent, spatially 

independent computer model of gLffi injected and/or microwave ECRH plas

mas, confined in a toroidal device. It consists of three coupled dif

ferential equations - one each for charged particle density and electron 

and ion temperatures - that are simultaneously solved by a second order 

i tera ti ve '-'technique •• 

Since it was motivated by an attempt to understand energy and par

ticle loss mechanisms in toroidal devices, it included only physically 

justifiable loss mechanisms, expressed in approximate but physically 

justifiable forms. Of course, this means that not all losses are treated -

but the program philosophy has been to omit those phenomena that we can't 

include properly ( without, for example, adding more differential equations) , 

rather than to include them in some ad-hoc form simply to tailor program 

predictions to fit experimental results. 

Everything in the pregram is described in terms of ( possibly time 

dependent) quantities that have no dependence on spatial coordinates, which 

are removed by proper averaging or approximating. The end products are 

particle density and electron and ion temperatures that are somehow 

average quantities. This technique may be continued to handle any ma

chine which can be approximated by cylinder ( see next section) as long as 

the proper loss mechanisms are included. 
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II. General Method 

To develop this model, the effects of simple models of various 

loss mechanisms are approximated or averaged over the volume of the 

toroid. Where possible the plasma is taken to be a cylinder, with 

electrons and ions having equal densities and each having a maxwellian 

velocity distribution. 

Since the loss and gain mechanisms all refer to the time rate of 

change of something, and since this "something" may also depend on 

position - for instance, electron density may vary from region to re

gion in the device, suitable approximations or averages must be done 

to get rid of these spatial dependences, to get our spatially inde

pendent code. (For example, classical diffusion needs a density gra

dient. So, Vn = 0, except that we allow Vn = nla for diffusion, where 

n = average electron density and a = plasma minor radius. This crude 

approximation hasn't bothered us, for classical diffusion has been 

virtually negligible in cases considered so far.) In this way, the 

time rates of change of particle density and electron and ion energy 

density due to various loss or gain mechanisms, become simple alge

braic quantities, functions only of time and some initial parameters, 

and now wholly independent of spatial coordinates. 

Expressions "conditioned" in this way are magnetic field, neutral 

densi ty and all the particle and energy loss and gain mechanisms: ioni

zation' classical diffusion, obstacle losses, field decay, microwave 

heating, classical electron-ion collisions, neutral excitation by in

elastic electron collisions, bremmstrahlung, synchrotron radiation, ther

mal conduction ignoring temperature gradients, and charge exchange. Fur

ther descriptions will be found in the next section. 
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These expressions were then combined into the three differential 

equations seen below - one each for average electron(= ion) density 

and average electron and ion energy densities. They form a system of 

three first order, coupled, ordinary, non-linear, time dependent, spa-

tially independent differential equations. 

The equations are as follows: 

dn dn Tf = -:r:;:-t (n ,n ,T ,gas) I . . . U � U� 0 e lonlzatlon ( 

dn . 
- (n B B) I dt " field decay (= f.d.) 

dU dU 
e _ e ( L B P f Q ) I � - � n, a, , , , , 0 microwaves 

dU 

dt
e (n, T

e, T
i) I electron-ion collisions 

dlll • 
dt

e (T
e,n l ionization) I excitation 

dla . e - (n T ) 11 ,. ( ' I � ' e brernrnstrahlung 

d\I e I -- n T B . . 
dt 

( , e' ) synchrotron radlatlon 

dU • . . 
- dt 

e (n,T
e, Tw, n I dif, n I 0.1. ,n l f .d ) I thermal radiation 



where 

dUo dUo 
� = dt1 (n,Te,Ti) I electron-ion collision 

dUo 
� dt1 (n,Ti,Tw) I charge exchange 

dV. . . • 
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= dt1 (n,Ti,Tw,nldif,nlo.l.,nlf.d.) I thermal conduction 

n = averaged electron (= ion) density (I09/em3) 

n = averaged neutral density (I09/em3) o 
U = averaged electron energy density (eV/em3) 

e 

�. = averaged ion energy density (eV/em3) 
1 

Te = averaged electron temperature(eV) 

T. = averaged ion temperature (eV) 
1 B = time dependent, average magnetic field (kG) 

B = dB/dt (kG/sec) 

a = plasma radius (toroid minor radius) (em) 

L = plasma length (toroid circumference) (em) 

Ao = obstacle area (em2) (Ao is slightly larger than the 

geometric area) 

P = microwave power (watts) 

f = microwave frequency (GHz) 
Qo = unperturbed microwave cavity Q 

T = toroid wall temperature (eV) w 
t = time (sec) 

dt = iteration time step (sec) 



These three equations are then solved simultaneously by the 

following second order method. Given a time step dt and the time 

derivatives n, T , T. at time t, then calculate n, T , T. at time e l e I 
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t+dt. First calculate B, P, no at time t. Second increment n, Te, 

Ti to approximate them at t+.5dt ( x  is any of n, Te, Ti): 

. 
x( t+.5dt) = x( t) + ( .5dt) ( x ! t-.5dt)' 

Third, calculate n, U , U. at t+.5dt, using values of B, P, no at e l 
time t and ne, Te, Ti at t+.5dt. Fourth, calculate Te, Ti from 

2 . 
T , 1 = (-3U . -T .n)/n. 

e;l e, l  e, l 

Finally, using n, T , T. at t+.5dt, increment the original n, T , T. e l e l 
at time t to get ( x  is any of n, Te, Ti) 

. 
x( t+dt) = x( t) + ( dt) ( x ! t+.5dt)' 
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III. The tenns 

After the averaging and approximating the final tenns that go 

into the program are detailed below. The labels in parentheses are 

the corresponding variable names in the program. 

GlUl Injection 

If gtm injection is used, n, T and T . all change abruptly at e 1 

t = t
gtm 

For the old gtm on the Barn octupole, the parameters at 

t = t are n = l09/cm3, T = 10 eV, T. = 40 eVe Turbulence effects 
gtm e 1 

from the filling process are ignored and can account for some dif-

ferences between experimental and program results at times close to 

injection time. 

Magnetic Field 

Any time dependent magnetic field can be specified. For the UW 

equipment (both octupoles and the quadrupole); the lUlcrowbarred vacuum 

field is 

For 

-t/T -5 
BvAC = Boe sin(wt)/.7887 + 10 . 

the Barn octupole, 10-2 200'TT sec -1 T = , W = 

PSL octupole, T = .086, w- = ('TT/.043) sec 

quadrupole, .004, 500'TT sec -1 T = w = 

-1 

-5 The 10 term prevents l/B from blowing up; 10-5 is smaller than the 

typical field of the earth. 

For crowbarred fie1� BvAC after crowbar is given by 

_ -(t-t )/T 
BvAC - BCROe c d 

where tc is crowbar time after start of run, and Cd is field decay 



time, and BCRO is the value of the uncrowbarred magnetic field at 

t = tCRO. For the PSL octupole, Ld = .08 sec, 

quadrupole, Ld = .005 sec. 

In either vacuum case, B is corrected for finite S by 

B = ��� - 2.70 x 10-8n( T +T.) -VAC e I 

Microwave Power 
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Any time dependent power waveform may be used. In the program 

listing at the end of this PL P, there are 7 standard choices: 1 con-

stant power, 5 step-type powers, and one used on the small octupole 

( PL P 494) : 

T( t) = P max ( 0  , 2B/B - 1) o 0 

where Po is the maximum power, Bo is the maximum magnetic field, and B = Bet) . 

Ion Saturation Current 

J+ in mA/cm2 to a L angmuir probe is calculated at each iteration 

step by 

J+ 
= 0.104n/max( T , T. ) . e I 

Neutral Density 

For molecular hydrogen, the neutral density is calculated at each 

time step from the pressure p as follows: 

I1ru = ( 322p + �n ) exp _ 4.1 x 10 a � dn 

( 

-7 
WR .; TW no dt ionization ) 

= 0.04( 322p + �rwJ exp ( -1.09 x 10-7 a � � . . .) o IonIzatIon 
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� represents thermal (0.OZ5 eV) neutrals and nFC represents Franck 

Condon (7 eV) neutrals. The exponential factors account for the finite 

penetration depth of neutrals into the plasma. lillwR is a kind of run

ning total of the net gain or loss of neutrals from the plasma, and 

takes into account neutrals used to make up the plasma and the reflux 

neutrals knocked off the walls by energetic lost electrons: 

�n.�(t) = �n.�(t-dt) + (g o(Dd"f
+D 

1 
+D

f d 
) - D" )dt . WK . WK 1 0. . • •  Ion 

g represents the number of reflux neutrals created by each lost electron-

ion pair when it strikes either a wallar obstacle. It is an experi-

mental factor from preliminary results of work by Etzweiler and Sprott 

(PLP 55Z): 

g = 1 + .OOZT 
e 

When the neutral density is increasing in time, the rate of in-

crease of each component is limited to 

representing the neutral's transit time from the plasma edge to the 

center. The thermal neutrals are assumed to be at wall temperature 

(T
W). The experiment is assumed to take place on a time scale short 

compared with the pumping time so that no neutrals are lost to the 

vacuum pumps. 

Ionization CDl) 

The ionization rate for a Maxwellian electron distribution in a 

cold neutral gas, can be written in a form given by Drawin.
l 

For H
Z' 



the electron-neutral collisional ionization rate is 

dn 

dt 
ionization 

= 

-S 
371e ( 1 + In(l. 25 (1 + liS ))) 

1 + sl"T 20 + S 
e 

where S = lS.6/T . For different gasses, the numerator in S, the 
e 

9 

coefficient 371, and the 1.25 in the In term may change. A forth-

coming PLP will further discuss this point. 

Diffusion (D2) 

Classical diffusion due to electron-ion and electron-neutral 

collisions is given by 

dn 
dt 

diffusion 

2 
n 

= 0.33 2 2 
'; B a T k2 

e 

nnT 
+ 10-3 0 e 

22 · 
B a 

The ambipolar electric field has been considered, but ion-neutral 

collisions have been neglected, since they amount to only a 1.2% 

correction to the diffusion. 

Obstacle Loss (D3) 

Hoop supports and probes which intercept the plasma are assumed 

to collect particles at a rate given by 

dn 
dt 

obstacle 

S-nA/T +T. 
= 2 x 10� 0 e 1 

a2
L 

where in practice A is an effective obstacle area calculated from 
o 

lifetime measurements of ions and hot electrons. 

Field Decay (D4) 
. 

When dB/dt = B is negative, field lines leave the machine, and 

plasma is assumed to leave at the same rate: 



dn 
dt 

= -C • min[O, � n] = C • max[O, -� n] 

field decay 
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where C is a coefficient whose value depends on the number of hoops 

in the machine. 

For octupoles, C = 0.5 

quadrupoles, C = 1.0. 

Microwave Heating (PEl) 

The microwave heating rate is given by 

dtJ 
e 

dt 
microwaves 

where nc 1S the density above which microwaves are totally absorbed. 

From PLP 282, this com�ettIDon for finite cavity Q can be estimated 

from 

2 
nc = 

f
Q 

[0.0045(f/B)
� 

+ l23(Bj.f)
2/3

]. 

In this program, � is allowed to be frequency dependent by setting 

its value relative to the Q at 2.45 GHz: 

Q = Q
2.45 GHz

1 £/2.45 . 

Ion Collisions (PE2) 

Classical electron-ion collisions result in an energy loss 

dU 
e 

dt 
= _2 

_

. 3

_
n
_

2

-=-
(T
..,.,
e
�

-
_

T
_
i
_

) 

1n [5. 2 x 1010T; J . ionization 
T;/2 

(40 + T
e)n 
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Excitation (PE3) 

Energy lost by inelastic electron-neutral collisions is given 

by 

dU 
e 

dt 
excitation 

All neutrals are assumed in their ground state! Excited neutrals 

are assumed to undergo radiative deexcitation before it is again 

excited. Collisional deexcitation is ignored. R(Te
) is an analytic 

fit to the total energy loss rate for the various excitation pro-

cesses, divided by the ionization rate. 

For H
2, 

R(T) = .9ST
l

•
096

[exp(11.99T 
-.738

) - 1.036]. e . e 

How this was obtained, plus R(Te
) for H and He are subjects of a 

forthcoming PLP. 

Brerrnnstrahlung (PE4) 

Electron-ion Bremmstrahlung losses are given by (Rose and Clark, 

p. 233) 

dU 
e 

dt 
brerrnnstrahlung 

Synchrotron Radiation (PES) 

Electron synchrotron radiation, neglecting reabsorption, is 

given by (Rose and Clark, p. 25) 

dB 
e 

dt 
synchrotron 

- 3 2 5 3.87 x 10 nB Te(l + Te
/2.04 x 10 ) . 
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Electron Thermal Conduction (PE6) 

Heat conduction loss, neglecting temperature gradients, is given 

by the energy carried from the plasma by particles lost due to diffusion, 

to obstacles and to field decay: 

dU e 
dt thermal conduction 

. . . 
= [2.snldif + 2.0nlo•l. + nlf.d.](Te -Twall)· 

Electron Collisions (PE2) 

Ions are heated by classical 

dU. 1 
dt electron collisions 

electron-ion collisions: 

e 1 -R e 2.3n2(T - T.) [S.2!X 1011T3 ]-

Te3/2 (40 + Te)n 

Charge Exchange (PI3) 

form: 

Charge exchange losses are represented by the approximate analytic 

dUo 1 
dt charge exchange 

2 0 . 0186nn't.(T. -T )) o 1 1 W = ----------��----

T. + 100 1 

Ion Thermal Conduction (PI6) 

Heat conduction, neglecting temperature gradients, is given by the 

energy carried from the plasma by particles lost to diffusion, obstacles 

and field decay: 

dUo 1 
dt 

thermal conduction 

. . . 
= [2.snldif + z.Onlo.l. + nlf.d.](Ti -Twall)· 

The following pages are a listing of the long version of SIMULT. It 

exists as a deck, and the first 4 pages tell how to use the program plus 

some further description of it. At the end is some typical output, using 

the Calcomp plotter. The page printer output is the same as in the pre-

vious PLP (Sprott, PLP 505) 



.EXPLAIN 
�"" •• I •• 

on 1 ' 

E.XPLfrtV ItTIDN aND U5� ____ _ 

���"-��--------------

002 C H 0 i'V T 0 u S E P R O  G RAM 5 I H U L T-
003 
ooq C DEFINITIONS 
005 C FREE FaRHAT-NUMERICAL VALUES APPEAR ON THE CARD,FROM LEFT TO RIGHT 
006 C IN THEIR CORRECT ORDER,WITH NO IMBEDDED BLANKs,BUT hiTH AT 
007' C �EAST ONE BLANK SEPARATING ADJACENT DATA. DATA MAY BE WRITTEN 

--=o�o�a �c�-�- IN INTEGER,DECIMAL OR EXPONENTIAL NOTATIoN. 
009, C CONTROL VALUES-EITHER A SET of NUMBERS OR THE SET OF CARDS HOLDING 
010 C THOSE NUMBERS(CONTEXT SHooeD MAKE CLEAR WHIcH ONE)iHICH SELECT 
011 C THE OPTIONS AND SET INITIAL CONDITIONS FOR ONE SET OF 
012 C ITERATIONS FOR oNE 'SI11ULATION'. - -----------

013 C RUN CONTROL-ONE:POSSIBLY TWO,CARDS SPECIFYING.FIRST,HOW MANY SETS 
Dlq c of CONTROL VALUES(HOW MANY 'SIMULATIONS')ARE TO BE pROCESSED 
�iS C BY THIS PROGRAM EXECUTION AND,SECOND,THE SIMULATED-MACHINE'S 
�1� C PARAMETERS,EITHER THROUGH PRE-SELECTED OR USE R. SELECTED DATA. 
:017 

c 
c 
c 
c 
c 
c 
C 
c 
c 
C 
c 
c 
c 
c 

r-
c 

0 
-------��--- ----��-

c D3� MICRO�AVE PoWER (IN WATTS) 
c �35 ION SATURATION CURRENT (IN MILLIAMPS/CM •• Z) 
C ,036 AFTER THESE VALUES ARE PRINTED. THREE LINES lRE PRINTED GIVING 
c 1037 THEIR MAXiMUM VALUES, TIME OF MA�IMA. AND VALUE AT TIME OF MAX 
c �38 ION SAT CURRENT, (FOR �EUT DENS, MIN AND TIME OF MIN ARE PRINTED.) 

,039 
0'+0 
0'+1 C DATA CARD ORDERlNG 
0'+2 C (�XQT) 

-��-��-���,---- ------------"-- -

OLf3 C CARD l-AL�AYS NEEDED, 
'0 1.1 "I c eo L u M N 5 1 T 0 3 .. - T H R E E--D I G I T N U t1 B E R • RIG H T J U S T I FIE 0 , S PEe I FYI N G 
01.15 C NUMBER of DATA SETS TO FOLLOW, 

IOQ6 C COLUMNS "I fa 9--0NE OF THE FOLLOWING b LETTER WORDS,SPECIFIES 
IOLf7 C MA C H I NE" BE I N G S I M U LAT E D . 
a Lf 8 -C,.-------------S"I"G"'L-=E=> VT-=-.p"'S"'Lr-.. O .i.C =T�U1l<P ... O.-L .. E;--• .-L .. E"'V '-;1 T--A�T--E,.,-.-D ----� -��-����-

10 Ii 9 C BIG SUP .. P S L 0 C T U POL E , SUP P 0 R TED 
rosa C LITTLE-BARN OCTUPOLE 
1051 C QUA D X X - 8 A R I QUA 0 R U POL E 
052 C OTHERX.ANY OTHER MACHINE,DR ANY of THE ABOVE MACHINES 
1053 C �ITH NON·STANDARD PARAMETERS. IF 'OTHERX',THEN 

--o::-cs=-q::---.c:;;:--------------,C�-:A;--;R:;;--:D=--2=--:-:-M ,-,-U =5 ""T----A"'P"P "'E-- A -=-R
, '--1-



oss 
056· 
057 

1058 

C 
C 
C 
C 

CARD 2-AP�EARS IF AND ONLY Ir 'OTHERX' IS OSED oN CARD 1. 
DATA IS FREE FORMAT. BELOW ARE,F1RSr,THE DATA ORDER fOR THIS 
CARD.AND,SECONO.THEIR NoRMAL: VALUES FOR TAE: VARIOUS 6 LETTER--'-�-'--

WORDS ON CARD 1. 
059' C --��=_--r_---------- TMAX .LENGTH OF MAGNETIC FIELD HA�F-SINE NAVE IN MS. 
060 C 
061 C 
1062 C 
063 C 
06tf C 

:065 c 
:066 C 
067 
068 C 

'069 C 
:070 C 
071 C 
072 C 
.073 C 
07'+ C 
075 C 

,076 C 
,077 
078· C 
079 C 
1080 C 

IF IS-3, THEN TMAX IS ARBITRARY. 
A .PLASMA (MINOR) RADIUS IN eM. 
AL -PLASMA LENGTH (CIRCUMFERENCE,IF TOROID) IN CM. 
Ao =OBSTACLE AREA (HOOP sUpPOR1S.PROBES) IN SQ eM. 
QO =MIC�OWAVE CAVITY Q AT 2.'+5 GHZ. 
D,+CC . N O M 6 ER- OF-H O OFS�D�E�p�E�NnD"E�N� T� c�O�E�F� F ·I7C� I�E�N�T�O�F�KD =q-, ------
DECAY =DECAY TIME OF CROWBAR RED MAGNETIC FIELD IN SEC. 

THEIR NORMAL. VALUES 
B lCiL E V BIGSUP LITTLE QUADXX 

TMAX(SEC) .0'+3 .0,+3 .oos .ooz --A(CM) SO. 50. 1 8 • 6· 
AL(CM) 800. BOO. 270. 160. 
AOCCM •• Z) O • 700. 90" 3. 
QO 20000. 20000, aOoD. 500_ 
D'tCC .s .s • s 1 • 

DECAY(sEC) .08 • oe o • taOS 

DATA SET ORGANIZATION __ (CARD A,AND B AND C.IF USED. MAKE uP 
THE DATA FOR ONE SIMULATION.> 

CARD l-AL�AYS NEEDED 
i OS 1 C --'-�----;"'--------;H:-;-O""'L'-;[jS THE 16 0 PT ION F L A G5 AND IN I Tl A L VA LUE S I N TAe: OR 0 ER AND 
082 C 
083 c 
IOBQ C 
'085 C 
!086 C 
'087 C 
j088 C 
I089�. C 
1090 · C 
t091 c 

�:; c 
c 

109 'i C 
'095 C 
:096 C 
'097 C 
\098 C 
099 C 
:100 C 
101 C 

,10.2 C 
1 [13----C-
1n't C 
105 C 

;106 C 
107 C 

'1 [18 C 
109 C 
lit 0 C 
111 C 

1 
, . 

UNITS SHowN BELOW.FIRST 6 ARE INTEGER,LAST 10 ARE DECIMAL. 
(E OR F FoRMAT).ANY of THE LA5T 10 THAT ARE UNUSED oR UNWANTED 
MUST BE INPUT AS DECIMAL ZERO. 

IPWR IS A FLAG FOR THE SHAPE OF THE INPUT MICROWAVE POwER, 
- 1 MEANS A NON-SQUARE SHAPE, p=MAXO� (O,2_PO-(B/BO-.5») 
= 2 MEANS P=PO FOR ALL TIME. ----------� 
= 3 MEANS P=O. TIL TMO,THEN PaPO, 
= q MEANS PaPO TIL TMO.TAEN P=O. 
• 5 MEANS P.O. TIL TMO.P=PO TIL TMO+TMW.THEN p.o. 
• 6 MEANS P.PO TIL TMO.P�Ot TIL TMO+TMW.THEN P=PO. 
= 7 MEANS IpWR=l AS B INCREASES.THEN P=O. AS B DECREASES. 

IB IS A FLAG FOR CROWBARRING THE MAGNETIC FIELD. 
= 1 MEANs B IS NOT eRo BARRED. 
= 2 MEANS B IS CROWBARRED AT TIME=TCRO. 
= 3 MEANS 8=BO ALWAYS. 

NGI IS A FLAG fOR GUN INJECTION. 
= 1 FoR NO GUN INJECTION. 
= 2 FoR GUN INJECTION At TIME-IGI.USE PROGRAM-SET VALUES (FOR .. --�-

DEAGUN,TEAGUN.TIAGUN) FOR THE BARN OCTUPO�E'S GUN. 
=- 3 FOR GUN INJECTION AT TIME=TGI. USE USER-SUPPLIED VALUES 

FOR OEAGUN.TEAGUN.TIAGUN.(SEE CAaD A.) 
NP=XYZ=A THREE DIGIT FLAG.YZ CONTROLS It AND HON THE VARIOUS 

DERIVATIVE VALUES(DI TO PI61ARE PRINTED. X CONTROLS 
--�TF- AND Ho-V DEA TO SJl ARE PLOTTEO. 

Z= 1 MEANS DO NOT PRINT DERIVATIVE VALUES. 
= 2 MEANS pRINT THE DERIVATIVE VALUES. ------------------------

= 3 MEANS pRINT THE DERIVATIVES' MAXIMUM VALUES, 
= � MEA�S pRINT BOTH Z=2 AND Z=3. 

y= 1 MEA�S DO NOT PRINT A TNO LETTER syMBOL REPRESENTING THE 
DOMlNANT LOSS MECHANISM. 



,1 1 2 C = 2 MEA�S pRINT A 2 LETTER SYMBOL REPRESENTING (HE DOMINANT 
FOR OENSITY--CD=CLASS.DIFF.,OL=OBS.LOSS.FD=FIELD DECAY --���--�-------------f�L��S�(�E��l �A =T�l �V�E����A R G E S T ABS.VAl.-,-roR THE THESE 

: 1 13 C 
1 I ii C 

,1 15 C 
1 16 C 

. 1 1 7 C 
Jl 1 a c 
1 19 C 
120 C 
121 C 
122 C 
123 C 
12-. C 
125 C 
126 C 

'127. C 
128 C 
129. C 

'130, e 
131 C 
132 C 
133 C 
13'1 C 
13S C 
136 C 
137 C 
138 C 
139 C 
1"10 C 
1 Ii 1 c 
1'+2 C 
1'+3 C 
1 '+ Ii C 
1,+5 C 
1'+6 C 
1 tfl C 
1'+0 C 
11.47 C 
150 C 
151 C 
152 C 
153 C 
15'i C 
155 
156 C 
157 C 
158 C 
159 C 
160 C 
161 C 

VARIASLES,AT THE TIMES DJSCUSSEb UNDER �IPTS' BELOW, 
FOR ELEC TEMP--IC=ION COLL.,EX=EXCITATION, 

BR=BREMMSTRAHLUNG,SR=SYNCH,RAD •• TC=THERMAL COND, 
FOR ION TEMP--CX=CHARGE EXCHANGE,TC=THERMAL COND. 

X= 1 MEANS DO NOT PLOT, 
= 2 N E A N S P LOT 0 N TH E;;--::C;:-CA'--;L-C�O:=-=M =p----cP=-c-L-=o-T-= T::-cE-cR-.---- ------------

IF X =2 . TH E N TWO CARDS MUST APPEAR AFTER �RUN.THEY ARE-
�GSP 

-----
PLOTTER (OPTIONS-SEE MACC 'GRAPH' ROUTINE,) 

WITH NO OPTIONS LISTED,GRAPH WILL BE IN 
SLACK BALLPOINT. Do N O T SELECT 30 INCH PAPER. 

--------=--3- --�M=E�A-�N�S-,-::p�L�O�T� ON THE O U TPUT PAGE PRINTER, 
-----

IIMAX IS NUMBER OF ITERATIONS IN AN INTERVA� TIME=O TO TIME=TSTO P .  
SET IIMAX.LT.O, TO LET USER SET INITIAL VALUES of DEA,TEA.TIA, 
(SEE CARD B) IF IIMAX.LT.O,NUMBER OF ITERATIONS=ABSVAL(IIMAX). 

IPTS IS THE NUMBER of PRINTE D AND/OR GRAPHtD POINTS IN 
AN INTERVAL TIMEzO TO TIME=TSTOP. ACTUAL NUMBER OF SUCH 
POINTS IS (l"r5+1) ,SINCE TIMEcO VALUES ARE pRINTED FREE. ------

SAVING INTERVALS ARE (TSTOP-TSTART)/IPTS, 
NOTE--IPTS MUST BE LESS THAN OR EQUAL TOlOO. 

PRES IS NEUTRAL PRESSURE IN 10---5 TORR. 
If INPUT A S  NEG NUMBER,IT IS TAKEN TO �� GAUGE PRESSURE,AND 

IS MULTIpLIED By (-2.S) TO GET CORRESPONDING TRUE PRESSU E. 
IF INPUT AS A Pos NUM6�R.IT IS TAKEN TO BE TRUE PRESSURE,AND 

IS USEO AS IS. 
PO IS PEAK MICROWAVE POWER IN WATTS, 
F IS MIcROWAVE FREQUENCY IN GHZ.MUST BE NON�ZERO. 

IF PO=O •• PUT IN F=l. 
BO IS T HE MAXIMuM MAGNETIC FIELD AT WALL, IN KGAUSS. 
THE F 0 L LON I I'J G T I ME 5 ARE 1 N PUT I N MS •• THE N C 0 N V E RTETf r"--'--o ---=-S--E C • 

TSTOP IS THE E�D OF A SOLUTION INTERVA� TIME=O TO TIME=TSTOP. 
TSTOP ODES NOT RAVE TO EQUAL TMAX,Bur IT USUALLy DOES. 
TSTOP AND IIMAX SET TIME INTERVAL pE� ITERATION (=D T) 
EQUA� To (TSTOP/IIMAX). 

THO .MICROWAVE TURN�ON TIME-SEE IPWR. 
T M W - M I C ROW A V E P U L 5 E ,�z D T H ;. 5 E E -=-Z-P-W-R-.-----------
TGI -GuN INJECTION TIME -SEE NGI. 
TCRQ-B FIELD CROWBAR TIME .SEE IB, 

60HMC-A VARIABLE COEFFICIENT FOR T HE BOHM DIFFUSION TERM. 
BOHMC=O. USUALLY. 

CARD B-N EE:DED If AND ONLY IF lIMAX.LT.o,-SE CCARD-;r. 
NORMAL INITIAL VALUES AFFECTED BY THIS CARD ARE 

DEA=ELECTRO� DENSITY(IN UNITS OF lO •• 9/CM*.3)=.OOl 
TEA=ELEcTRON TEMPERATURE(UNITS OF EV) =.1 
rIA=ION TEMPERATuRE (UNITS OF EV) =.025 

1 62 
INPUT NE� VALUES IN ABOVE ORDER AND UNITS,IN FREE FORMAT, 

�
�----------------------------

163 C 
1 6'+ C 

eARO C-NEEDEO IF AND ONLY IF NGI-. SEE CARD A. ---:--:-----�----------cN"O=-

R
-;-;-M

�A-.-L - GUN I N JE C T ION PAR A ME T E R 5, V A LID FOR" THE SA R N oC T UP 0 LE. 
165 C 
166 C 
167 C 

. THAT ARE AFF�CTED BY THIS CARD ARE 
DEAGUN.GUN INJEC1EO ECECTRON DENSIIY(lO •• 9/CM •• 3}= 1. 
TEAGUN=GUN INJECTED ELECTRON TEMPERATURE(EV) =10. 

C ------�--�--------------------�� TIAGU N = G U N INJECTED ION TEMPERATURE(EV) .�O. 168 

/ 



.' 
�\ 

169 
170 
.1 7 1 
172 

'173 
f7lf 
17S 

,176 
'177 
,178 : 179 
: 180 

C 

C 

C 
C 
C 
C 

C 
C 

INPvT NE� V�LUES IN ABOVE ORDER AND UNlrS,IN rREE FO�MAI. 

REPEAT CARDS A TO C FOR EACH SIMULATION, ALL SIMULATIoNS rlILL BE FOR 
THE MACHINE SPECIFIED IN CARD I(AND CARD 2,IF OStDl.IF CARD 2 I-S-..... /Il-n-O.."..r -
USED,OMIT IT-D9.NOT PUT IN-A BLANK CARD.LIKE,ISE,IF FOR ANY 
SIMULATION,CARDS 8 AND C ARE NOT USED,OMIT THEM-DO NOT OSE 
BLANK CARDS. 

FOR MoSt RUNS,lHE ONLY CARDS NEEDED ARE CARDS 1 AND A-

CARDS 2,B AND C ExIST TO EXTEND THE FLEXIBILITY OF THE PROGRAM. 
--��------------------' Un 

i 182 C 
,183 C 
, 1 elf c 

i 1 e 5 
j 

A TYPICAL NUMBER FOR IIMAX IS 2000.1S00 IS QUITE GOOO.ESPECIALLY FOR 
ME DIU '1 T 0 Low P 0 W E R LEV E L S A N D / 0 R No G U N I N J EU ION ( N G I • 1 ) I BUT FOR 
IIMAX BELoW 1500, ACCURACY BEGINS TO DROP DRASTICALLY. Fo{l. /500 ,rEitAitONS 

--.-r�---------;W.-:-7 , -r:ti I'NP� :;rff;-c.U:T' 15 ... aDor '7¢ _ peR-S-iiltllJl../FTIf!/v. 
IF,IN 'NP',Z=2.3.Q-THE COLUMN HEADINGS PRINTED FOR DERIVATIVES ARE-_ : 1 B 6 

187 
188 
189 
190 
191 
192 

'193 
19'+ 
19S 
196 

-19 7 
190 
199 

-.200 
�2 01 
�O2 
203 

,20 Lj 
,205 
206 

2007 
208 
,209 
,210 
2 11 
212 
213 
Zt't 
.215 
2.16 
,217 , 
219 
2} 9, 
�20 
'221 
222 
223 
22'+ 
:,22-:1. 
)26: 
i ' 

;227 
'228 , I, _" 

C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 
C 
c 
C 
C 

DENSITY-Dl=IaNIZATION,D2=CLASS.Dlf.,D3=OBS.LOSs,04=FIELO DECAY 
ELECTRON ENERGy-PEl-MICROWAVE HTG.,PE2�ION COLL •• PE3=EXCITATION, 

PEq=8REMMSTRAHLUNG.PES=SYNCH,RAD.,P.E6.THERMAL CONDUCTION 
ION ENERGY-PI3=CHARGE EXCHANGE.PI6-THERMAL CONDUCTION 

THE SIGN CoNVENTIoN OF TAE PRINTED NUMSERS IS THAT 01 Is POS FOR 
PA RTICL E GAIN.PEl IS Pos FOR MICRO�AVE POWER INPUT.IF PEZ IS POS., 
ENERGY GOES FROM ELECTRONS TO IONS.ALL OTHER DERIVATIVES.IF POSt 
INDICATE A L O S  5, 

C A UT I a N---PLOTTING GETS EXPENSIVE. CALCOMP PLOTTER TIME ALONE 
COSTS $.70 •• 90 FOR ONE pLOT. PAGE PLOTTER IS CHEAPER-oUT BOTH 
PLOTTING METHoDs ADD A LARGE COST SIMPLY BY FORCING INCLUSION OF 
THE WHOLE,ENORMOUS GRAPHICS PACKAGE INTO TAE PROGRAM EXECUTABLE 
ELEMENT. FOR THIS REASON,THIS PROGRAM DOES ITS pLOTTING VIA A 
SEPARATE SUBROUTINE WHlcA MAY BE OMITTED ENllRELY BY THE fOLLOWING 
ME TH 00: 

1. IF INPUT IS FROM CARDS.REMOVE PLOTTING ROUTINE. 
2, RIGHT ArTER '�MAP,IX� CARD. pUT ANOTHER CARD: 

(SMAP.IX ) 
REF GRAFF 

i:OlXQT ) 
THE EXECUTABLE pROGRAM IS NOW 1/3 THE SIZE OF THE PLOTTING 
VERSION--AND rHU� MOCH CHEAPER TO COMPICE.MAP.AND EXECUTE. 

SUBROUTINE ADDED IS CACLED AT THE END OF EVERT SIMULATION; IT HAS 
NO ARGUMENTS. THIS SUBROUTINE MUST BE PROVIDED BY THE USER. 
AT A MIMIMUM, AT MAY BE THE FOLLOWING: 

:;FOR,JS ,URNAME 
SUBROUTINE ADDED 
RETURN 
END 

HOWEVER. THE USER MAY REPLACE IT WITH ANYTHING HE LIKES, TO 
PASS VALUES ON TO ANOTHER PROGRAM, TO USE HIS OWN PLOTTING 
ROUTINE, TO .SAVE VA�UES FROM SEVERAL SIMULATIONS AND PR[NT THEM 
IN ONE TAB�E AT THE END. OR TO PUNcH OUTPUT. VIRTUALLY ALL 

CALCULATION RESuLTS ARE EASILY ACCESSED THRU THE MANY COMMON 
BLOCKS IN THE PROGRAM. oNLY THESE RESTRICTIoNS APPLY. 
1. NEVER CH A NGE THE VARIABLES NN (OR NNN) l� BLOCK 'CALoUT', 
2. t,JEVER CHANGE THE 7 EL.EMENT ARRAY DEVPAR IN BLOCK ·ALL.ES�'--', _____ �r'-:·-----=-1 
3. lr PLOITING IS DONE, tHEN NO VARIAS'ES I� BLOCK 'CALoU1' 

MAY BE CHANGED, SINCE 'CALOUT' F�EDS THE PLOTTING 
R 0 U TIN E. �JH 1 C R I seA L LED A F T E R $ • R. A01fE'D, ,--- -
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