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This paper describes the results obtained in a numerical solution
of the steady state particle and power balance equations for the Elmo
Bumpy Torus device. The program is an adaptation of program SIMULT which
has been remarkably successful in predicting results for the Wisconsin
Toroidal Octupoles.

The program uses a UW 1ibrary subroutine (ZRNEQ) to solve a set of

4 non-Tlinear algebraic equations consisting of a particle balance equation:
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and a quasi-neutrality condition:
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These four equations are solved for the four unknowns, Te(eV), Ti(eV),
N, (neutral density), and ® (plasma potential). Parameters in the

calculation are plasma density, n(cm ~); major circumference of the torus,
L(cm); and minor radius of the plasma, a(cm); and average magnetic field,
B(kG). The particle confinement time, t(sec), is also calculated.

The ionization rate is approximated by the analytic expression:
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where Te is the electron temperature in eV. Particle losses are assumed to

be governed by neo-classical diffusion:
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where ¢ is the potential at the center of the plasma relative to the edge.
(The radial electric field is assumed to be Er = dr/a.)

The microwave heating rate is given by
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The electron-ion energy transfer rate is given by
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Excitation Tosses are given by
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Bremsstrahlung losses are given by
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Synchrotron radiation losses are given by
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The energy loss through diffusion is calculated from the neo-classical model
ignoring temperature gradients:
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Similarly, the ion energy loss by diffusion is
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Charge exchange losses are given by
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Finally, energy loss by elastic collisions with neutrals is given by
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The quasineutrality condition (equal flux of electrons and ions) is

given by neo-classical theory as
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The FORTRAN listing of the program which solves this set of equations
is included in the appendix along with output for a typical data run.

A number of runs were initially made with the potential & = 0 in
order to compare with results obtained by Guest who used a more approximate
form for some of the loss terms and neglected others entirely. Fig. 1 shows
a case intended to be identical to a case examined by Guest, and is in
~ remarkably good agreement with his results. A case with Bohm diffusion
was also examined and is shown in Fig. 2. The experimental results appear
to be more nearly consistent with neo-classical diffusion than Bohm diffusion.
The effects of scaling up the microwave power density, plasma volume, and
magnetic field strength are shown in Figs. 3-5 (in the ® = 0 approximation
with neo-classical diffusion).

Fig. 6 shows the result of repeating the calculation of Fig. 1 with a
self-consistent plasma potential. The results are very different when the
potential is included, and the striking feature is the abrupt reversal of
the potential from positive to negative as the density increases above
~ 2 X 1012 cm-3. Such potential transitions have been observed experimentally.
Fig. 7 shows the result of increasing the size of the torus by a factor of
10 (in volume), while maintaining the same microwave power density. Figs. 8

and 9 show the results of increasing the microwave power for the present



device. (Note that V is the total machine value, 1.3 x 106 cm3; but
that the microwave power density P/V is calculated using the plasma
volume, 2.9 x 105 cm3).

The discouraging result is that the ion temperature and particle
confinement time both decrease with increasing microwave power for a constant
density. However, it is known experimentally that the density increases with
microwave power. Furthermore, there is experimental evidence of anamolous
ion heating in certain regimes. In fact, wherever || >> Tis as is the
case here, we expect a rapid E x B rotation of the plasma with a possible
enhanced energy transfer to the ions. Finally, it must be noted that the
solution obtained by the computer may not be unique, and there may be other
solutions which were not found.

Discussions with G. E. Guest and R. A. Dandl are gratefully

acknowledged.
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ROTT, 2980, 4126810210, 1H

.AngTH

€ 1.148=02/05/75=15245200 GARETH

1. c PROGRAM GARETH = JAN @, 1975

2. DIMENSTON XINITCu),XFIN(C4), NORK(u8),DEPC31),NNP(R1),TEP(31),TIP (31
3. 2),PHP(31),TAP(31)

4, EXTERNAL AUXFCN

5. COMMNON P, TWALL,AAL,B,DEA

6. ¢ SPECIFY PARAMFTERS

/7 DO 980 IP=1,7

e, P=1700,0%2,0%%(1P=1)

9. TDENS=

0, TIMAX=100

1. DEA=10000,0

2. TWwALL=0,025

3, TEAZ100,0

4 TIA=1G0.0

s PHY==100,0

6. PNFUT=0,1

7. AL:QUE 0

8. Az10.90

9. Rzh,b7

0, c i SPECIFY INITIAL COMBITIONS

1. XINTT(1)=DNEUT

2. XIMIT(2)=TEA

b XINIT(3)=TTA

'y, XINIT(4)=PHI

'S LAS!72DTI, "

6, WRTITF (6,400)

7. 400 Fﬂ?”&TfiHia' I IFRR DFNSTITY PNFUT TE
'8, 2 TI PHI TAUY)

9 c SNOLVE STEADY STATE FQUATIONS

0, 200 CONTIMUE

i1 . CALL ZRNER(XTINIT,AUXFCN,dstenE=B,asITIMAX,XFIN,q,LA,UORK, TERR,$900)
2. XFTN(1Y=ABS (XFINC1))

i3, XFTN(2)=ABS (XFINC2))

4. TAUZ (XFIN(2)+15,6) /371, O/XFI”(i)/SQRT(XFIN{E))/EXP( =15,6/XFIN(2))/
15, 2(XFIN(2Y/ (R0, 04XFIN(2)+15,6)+AL0G(1,5625+0,14XFIN(2)))

6, WRITF(&,500) IDENS,IFRR,NEA, XFINCLy, XFIN(2y,XFTN(3), XFIN (), TAU
7., 500 FQRMAT({H ,16,17,6F13, a)

8", DEP ¢ TDENS)=3, 0% (ALOG1O(NEA)Y=2,0)

19 DNP (TDFNSI=3, 0% (ALNGIOCARSIXFINCIIII+1,0)

0. TEP (IDENS)=3,0% (ALNG10CARS(XFIN(2)))=12.0)

i, TIP(TOFNS)=S3,0%(ALOG1O0(ARS(XFIN(2)))=1,0)

12. PHP (TOFNS)=3, 0% (ALOGIOCARSEXFIN(CA)))I=1.0)

13, TAP (TDFNS)=3, 0% (ALOGIOCARS(TAL))+2.0)

' PO 700 I=1,4

5, 700 XINIT(T)SXFIN(T)

b, DE&=NEA/1,1659

L7 TDENS=TNENS+1

8 TFCINENS LE 31) GO TN 200

900 CONMTTNIIE
& GRAPH QUTPUT



S TDENSZTNENS e

2 CALL GRAPH2(DEP,'R',DNP, 'RV, TDENS,'OX4 !, 'NONE !, 1 ZERCeD ERT SIMILAT
i3 ?Tow..f.'nEmsxTv.. , | TEMPERATURE LNt

4, CALL GRPH2V(DEP, 'P' ,TEP,'R', TDENS, INOME !, 1E 1)

SS, CALL RPH2V(DEP, 'R'.TIF,'R';IDFMQ.'NONE' 'TY)

16 . CALL GPPH2V£DFP,'P!,PHP,'R',TDFvs,tNONFq IR

;7‘ CALL GRPH2V(DEP, TRT,TAP, 'R, TDFNS, INONF I, 1T 1)

8 . CALL GRPHNR

9, 950 CONTINUE

0, sTOP

'y . FND

OF COMPILATIONG NO  DIAGNDSTTCS,

UXFCN o ,

C 1.148=02/05/75=15245105 AUXFCN

1. FUNCTIAN AUXFCN(X,K)

2. RIMENSTON X (1)

3. CoMMON P, TWALL,A,AL,R,NEA

4, c DEFINF FUNMECTIONS & FRT

S- Dy (DENS, NNEUT, TE)=371, 0%NENS*DNEUT*SORT(TE)*EXP (=15.6/TEIX(TE/ (20,
6. 20%TE+15,A)+ALOG(1,562540,14TE))/(TF+15.6A)

1, PRClOFNS , TE)=U ,PEU#SAORTCTTIAYEXP (PHT /TTA) /(R xR uA *U/TIA**3+1450,0%(
8. 2TTAST, 75*pHI)**g/DFM3**;)

°, PE1 (Py=2,0F9«P /A /A /AL

0. PER(NENS,TE,TI)=2 34NENS* 2% (TE=TII*ALOG(5,2E1 1 #TE*#«3/ARS (DENSY/ (u
1. 20.04TEYY/TE#+%1.5

2- PFS(WENS DNEUT,TE)=22.1#D Y (DENS,ONEUT, TE)*EXP (6. 9R/(TE+0.1))

B PEA(RENS,TEYZ1 . OF =4xPDENS*DFNS#SRRT (TE)

“, PES(DENS,TE) =3, B7E= 3*DFNS*R*R*TEx (1 0+TE/ 2, 0UES)

. PEA(NENS TE)=3,5%D2(DENS,TE) % (TE~ =TWAL| )

6, PIZ(MENS, NHET, TT)=20, 0732 =NEMSeDNETwSRRT (T weTTaTuaLL)* (1 Nen nn
i 258G *SOPT(TTII*TIY/EXP(N.05R82*SQAPT(TT))

8. PI6(NFNS,TE,TIVI=3, 84D (DENS, TE)#(TTmTWAL )

e PIR(NEMS,DNEUT, TT)=18,ReNENS#DNEIITH (TIeTWALL) %] .05/

0, 1 (S70,+TT#%x2,4)%%x,29

] . NENS=DFA

2y DNEUT=ABS (X (1))

3, TEAZABS (X (2))

U, TE=TFA

18 TIA=ZARS(X(3))

'S, TI=TIA

7 . PHT=AMTHI(X(4),T0.0%TI)

8. CO TN (1,2,3.4),K

9, | CONTINUE ‘

GNOSTTC* DEFTNF PROCEDURE ARGUMENT(S) NNT LSED IN REFINTTION.

0 AUYFCANSNY (PDEA,DNFUT, TEA)=D2(PEA, TEA)

1, RETURN

J 2 CONTINUF
.GIGHTIE- DEFTME PRACFDURE ARGUMENTES) NAT USED 1N PFFINITINN.

3, AUYFCN=PEL(P)=PEP(PEA,TEA,TIA)=PE3(DEA,NDNEYT,TEA)=PEAU(NEA,TEA)=FES
4, 2(DEA,TEA)=PEG(NEA,TEA)

5. RETURN

6 . 3 COMTTNUE {

GNOSTIC« DEFINF PROCFDURE ARGUMENT(S) NOT USED IN DEFINITION,

7. AUXFCNSPF2 (DEA,TFA, TIAY=PT3(DEA,DNELIT, TIA)=PT&(NEA,TEA,TTA)=PTR(DNF
8, 24 ,MNEUT,TIA)

9 RETURN



10 4 CONTTNUE

1y . AUXFENSTE* %2 ,S*EXP («PHT/TEY% ( (R A% A*DENSIw# 2 /TTa*3+1370, % (TI+3,75%
12; BPHI)**?)FTI**Z;S*EXPfPHI/TI)*f36;0*(B*A*A*DENS)**E/TE**3+16,0*(TE-
13, 33,75%PHTY%%2)

L4, RETHRN

L END

OF COMPILATIONG T DTAGNDSTICS,

1 /0Se]15245



TE

el

™
o
0

OO OV PVWDPOOND ONNSTFOCONTFOCTT OO JIU N

NEMSITY
10000+0000
8577,.0649
7356,6042
6309,8072
8411.9626
46u1,8754
1981,3667
Y14, 8441
Q28,9739
2512,1656
2154.7007
1848,100R
1585,1281
1359.5746
1166.1160
1000,1852
857.8654
735.79¢67
631.0976
S41,2965
464,2735
398,2104
41,5477
292,9477
251.2631
215.5100
184,8447%
158,54272
135.9827
116.6332
100.0371

DNEUT

» 0674
L0778
.0R93
1036
1208
1429

L 16R8
22030
2477

. 3073

. 3874
.4918
4526
JHURT
2045
1.,2540
1.7182
22,3393
33,1809
4,3316
5.,9127
R,0Q00
11,0917
15,2318
20,9418
28,8105
39,6348
54,4779
74,7394
102,219
1391746

. TE
1n6,0529
108,1724
110,1013
111.7712
113,1021
113,9972
114,3380
113,9845
112,7849
110,6124
107,4787
104,307
143,2973%
122.65859
106,4670

93,6116
83,1351
74,1475
66,1359
SR,9032
52,3955
u6,5R85
41,4464
16,9190
32,9487
29,4770
Pb,4487%
23,8117
21,5722
19,5398
17,8298

I
10%.0260
103,978
104,3225
103,R620
102,3705

99,8943
S ,2872
89,2408
81,3900
71.91%0
61,3351
50,7111
-50.9352
=36,T048
=25,7871
=18 ,2887
~12,9584
’5-4557
-4 ,5874
=1,2418
«?,29R0
-1,6348
=1 ,1687
-, RU05
-,6089
-. 445y
-.3287
~,2U56
-,1861
-, 1472

PHI
=13%0,5989
w122,2507
-113,6213
-104,7566
-95,6752
~R6,3701
=T6.B128
~bh, 9570
«56,7274
-45,9354
~33,3847
-16,3313%
220,2752
157.8092
114,2971
R6.9114
70,5034
59,1255
49 ,543%
HOLBTUOD
33,1452
26,4955
20,9604
16,U4670
12,8R69
10,0731
7,8837
6.1924
4,8927
31.8Q974
3.1370

Tall
L2146
L1864
L1613
« 1390
« 1190
L1011
L, 0851
L0708
L0581
L0U6Y
«0373
0295
0313
0222
L0160
L0117
L0088
L0066
N080
L0038
L0029
L0023
.N018
L0014
IR
L0008
L0007
.0005
L0004
L0004
L0003



ZERN=D ERT SIMULATION

TEMPERATURE
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TTEM AMOUNT cOST(DOLLARS)

CPU TIME 00100212,324 0,46
FILE 1/0 PEQUESTS 251 $0,11
FILE I/0 WORDS 218695 50,10
MEMORY (JSAGE 0.223% 50,14
CARDS 1IN 112 $0,03
PAGES PRINTED 10 $0,15
JOBR CHARGE 1 $0,05
TOTAL COST $1,04

THE ABQOVE NOLLAR AMDUNTS ARE APPROXIMATE AND ARE BASFD ON RATES FOR STANDARD RUMNS

INTTTATION TIME?R 15t1LU1S9<FFR §,1975
TERMINATTON TIME 1534S340=FFF §,197%

PREVIOUS RUN TIME? 18128329=FFR §,1975
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