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This note describes a computer code (MSHEX) which solves the steady state 

power balance equations for a mu1ticomponent plasma of given density, in which 

the various species interact with one another by coulomb collisions. It was 

originally written to study minority species ion cyclotron resonance heating, 

but it also has application in calculating impurity temperatures, and in studying 

neutral beam heating and alpha particle slowing down. A three-component case is 

shown schematically below: 

The input variables are the density of each specie (n), the input power to 

each specie (P ) , the energy confinement time for each specie (T), and the atomic 

mass number (M) and charge (Z) of each specie. The output is the steady state 

temperature of each specie ( T) . 

The equations that are solved simultaneously are: 
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and i and j are indices which denote one of the three species. V is the 

volume of the plasma. -3 Units are cm , eV, and sec. 

The first case examined was a Tokapole II plasma with n = 1013 cm-3 and 

a 1% He+ impurity. With T = 300 vsec for each specie, the electron, ion, and 

helium temperatures are plotted vs ohmic heating power in Fig. 1. The results 

agree well with the experiment if the ohmic input power is _ 400 kW. The 

helium and hydrogen ions are at essentially the same temperature, so that 

Doppler broadening of He II ought to give a valid ion temperature. In Fig. 2, 

the ohmic heating power is held constant at 400 kW, and ICRH power is added to 

the hydrogen. If the confinement time of each specie is constant (300 vsec) , 

the hydrogen decouples from the He above � 50 eV, and the Doppler broadening 

technique is no longer suitable as an ion temperature diagnostic. The result 

is insensitive to the He density. If an impurity specie with a higher z2/M 

(such as l2C++) is used, the technique works to higher temperahures. 

Fig. 3 shows what would be expected for a minority specie heating 

experiment in Tokapole II (95% D, 5% H). Such an experiment should work well, 

and high minority ion temperatures ought to be achieved with modest power 

levels. Doppler broadening of impurities would be useless as a diagnostic, 

however. 

Fig. 4 shows the result applied to the Oak Ridge EBT-I device with 99% D 

and 1% H as a function of ECRH power. The temperatures are in reasonable 

agreement with the experiment if the absorbed ECRH power is the order of 10 kW. 

Holding the ECRH power constant at 10 kW and turning up the ICRH power gives 

the result shown in Fig. 5. With an ICRH power of only 1 kW, the minority ion 

temperature should reach 4 keV even if the confinement time remains constant 

(15 msec) rather than increases as neoclassical theory would predict. Such an 

experiment should provide an excellent test of neoclassical confinement well 

into the collisionless ion regime. A final case is shown in Fig. 6 where the 
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parameters are chosen to more nearly fit the EBT-S (scaled up EBT-I) device. 

The result is essentially the same except that a higher ICRH power is required. 

The effect of charge exchange losses on the EBT minority specie heating 

experiment was assessed by adding to the two ion power balance equations a 

term given by 

where 
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is the neutral density (assumed H2). The result for EBT-S with various 

values of n is shown in Fig. 7. Charge exchange is not a serious consideration 
o 
10 -3 

for n � 10 cm • 

o 

A listing of the code is included in the appendix. It makes use of the 

MACC nonlinear simultaneous equation-solving routine, ZRNEQ. Convergence is 

rapid, and the cost is low. 



Page 4 
If * * * UI'IVAC 1110 TIME/SHARING EXEC ._. MULTI-PROCESSOR SYSTEM •• - VER. MACe � 

CD053b P R Li J F C I: f) ? Q f\ 0 U S I; R J Ll 1 2 b 8 1 0 2 1 9 eRE ATE D 0 /\1 F E 8 1 7 f 1 9 7 q 
FILE lAME: p��nnorrn536 PART NUMBERr 00 PRINTED ON FEB 17, 197Q 

SPROTT,2q80,�1208\O'lq 
S ,MSHEX 
�.MACC 1.11S.0?/'7/�Q�13�OO=Ol 

L 
2. 
:)' . 
l.! 

'S.: 
b, 
7 _ 

t'. 
9 _ 

1 0 � 
1 1', 
t 2 . 
l 3," 
HL 
15, 
16_ 
1 7', 
18', 
19. 
?0. 
21. 
22. 
23, 2/J, • 

c 

300 

350 

400 

450 

PpOGRAM MSHEX - J,C. SPROTT • FES 10, 1979 
nTMENSTn� TINIT(1),T(3),WORK(U8) 
Cn�M�N p(3),nENSr!),TAU(31,AMU(3),ZC3),V 
r:xTtRI'lll,. AUXFC�J 
�\P 31'\0 1=1,3 
TAU(I)=3.(lE"'/� 
7(1)=".0 
Trr'IT(T):10.0 
F::D.o! 
OFNS( 1 �=1.0E13 
��NS(2)=(1.0.F)�t(1)*DENS(1)/([1.0-Fl*Z(2)+F*Z(3») 
n F i� S ( . ) = � * 2 ( 1 ) * D F: N S ( 1 ) I ( ( 1 • Q - F ) * Z ( 2 ) + F * Z ( 3 l ) 
A�/I( l)=l.r!/pn�.O 
At"d (2)=1.0 
A'., U ( , ) :: iJ � 0 
V:S.OE� 
I.A='�SHE� ! 
f)r't I·PH: l=t,3 
wQIIE(�,3SQ) 
FnP�AT(lH I' 

r,AMU(J),zeI),DENS(t),TAU(I) 

2nFNS =',lPE8.2,' 
. Cnf\!T r,J!IE 

SPECIE I,ll,': MASS =',FQ,6,' 
TAU =',lPE8.2) 

wPl1Erb,USO) 
�OQH4T(1�O,1 TP IERR Pl(WATTS) 

2T1(t:.V) r2(Ev) T3(EV)!) 
P(1::�»f5 
pnJ:U'.i) 

P2(�ATT$) 

Z =', F 4 • 1 , , 

25'� 
�6 � 
27.-
28. 
29� 
30, 

('If'l C?oo Ip:t,?6 
Pr?)=10.n*'.�A�8Q32**(IP·l) 
(' � L L Z R IE (J ( T r r,1 IT. A U X feN, 3, t • 0 E .8 , 3, 0 0 , T , 0 , LA, W 0 R K , I ERR, $ 9 0 0 ) 

31 i. 

32. 
33. 
3�. 

500 
900 

WQITE(6,SOO) tP,rERR,P(1),P(2),P(]),T(1),T(2),T(31 

FrRMAT(IH ,216,6�t2,1) 
cnr, T I ·.II)E 

EN . OF COMPILATION; wn �I�GNOST!CS. 
S ,AUXFCN 
N.MACC 1.17S-0?/17/�Q·'3�0n:ns AuxFCN 

1 • � liN rr n fi A \1 X F C �J (T , •. 1) 
2 _ [) T ,.. E r J S r G �I T ( 1 ) 
3. en t..l M ');J P (3 ) , n E I>J S (3 ) , T"� II ( 3) , A �1 U ( 3) , Z ( 3 ) , V 
4 tql X � C r ! = (I • n 

5 • r' n 50 V t� = 1 , 3 
6. T�Q;u.�E5*(A8S(AMU(N)*T(N)tAMU(N)*T(M))**1.S/SQRT(AMU(M,*AMU(N)) 

7. 2/"E�S(N)/(l(M)*ZrN)).*2 
8 � 5 0 0 A. t I X F C �.j = A I I X � C �J t ( T ( '<1 ) .. T (N ) ) I T E Q 
9 ' 4  I I X Fr', = p ( r;, ) .. 2 • � ( ... 1 q * [) E � S ( �l ) * v * (T (�1 ) I TAU ( M ) + A U X FeN) 

10. R�TUR� 



END OF" COM PI!.- A T I [) t·j � �H) I)ItiGNOSTICS" 
(N 
� RLIB3'3 Oa/17 .. 13:(I():O� 
;I 

SPECIE 1 : "'lASS --
SPECIE 2 • . . 1>1 A.SS = 

SPECIF.. 3 : l'1ASS --

p !£RR Pl(WATTS' 
1 S 400000.0 
2 5 IJOOOOO,O 
3 5 400000,1) 
tI 5 4000t0.r, 
5 S 400000.0 
b 5 40QOOO.o 
7 5 40000n,f' 
8 5 4000uo.r. 
q S 1.100000.0 
0 5 £100000,0 
1 5 400000.0 
2 5 1.100000.0 
3 '5 4QOOO().O 
/J 5 �OOOOO.() 
5 IS 400000.(1 
b 5 400000,0 
'7 5 400000.0 
8 5 I.IOOOQO.O 
q 5 40QOOO,0 
0 5 �OOOO/),o 
1 5 40 t)O 0 0 • (1 
2 5 4Qoooo,O 
3 5 "OOOOO./) 
4 S IJO(looo.n 
5 C; 400000,0 
b '5 4I1i)OOO.O 

NID: CD0536 

ME 
10 REQUE:STS 
10 WORDS 
EQUfSTS 
OROS 

lISAGE 
IN 
PRINTED 

FILES 
RE SUPPORT 
ARGE 

COST 

.r.v05ll'5 Z ;::; t • 0 DENS = 1.00+13 
1.000000 Z - 1 • 0 DE t,�S = 9.90+12 -

£1.000000 l = 1 .. 0 DENS = 1,00+1 

P2(WATTS) P3(WATTS) T1 CEV) 
t () • I) 

tt;.8 
25,1 
3Q,@. 
63. 1 

100.0 
158,15 
251.2 
,qR,t 
631,0 

tono.O 
1'58t'l,9 
2511.9 
3Q81 • , 
b t)Q.6 

100u0.0 
158�8,q 
;>S118•Q 
�9t\10.7 
b'30QC:;. 1 

l00ClQO,() 
'1;,84.'\'1., 
2�11H8.7 
3'18107.2 
b30q,7.lJ 

1000000,1 

OO:OO:01.22IJ 
3?7 

2��7l;q 
l 

3S�4 
o • 0 • q 

c:;1 
1 
t 

1 L! 
1 

,0 86.8 
,,0 86.8 
.0 86,8 
.. 0 86.8 
.. 0 86,8 
" 0 86,8 
,0 86..8 
,,0 86,8 
,0 86.8 
,0 86,8 
,,0 86.9 
.0 86,9 
,0 80.9 
.f1 B7.(\ 
" () 97.1 
,0 87.2 
.0 87,1.1 
.0 87,8 
!to 8A.il 
,,0 ,I3Q.2 
,0 90,,6 
.0 92,0 
,0 95,0 
,,0 100.0 
.0 100,1 
.0 114,'" 

USER: 41?681021Q 

$0,0(;' 
$0,07 
$0.02 
$0,00 
�o.oo 
$O,O� 
$0.03 
$0.01 
$0.06 
$0.t2 
$0,03 

'llO.4,;J 

Page 5 

TAU = 3.00 .. 01.1 
TAU - 3,00-04 -

TAU = 3,00 .. 0'1 

T2(F:V) T3(EV) 
13,2 '2,8 
il.? 12,8 
13,;> 12.8 
13,,2 12,8 
13.2 1,2.9 
13.2 Itl,S 
13.? 12.A 
13,2 12.8 
13.3 12,9 
13,3 12,'1 
'-3eLl 13.0 
13 ,1:5 13. t 
13,1 13.3 
tlJ,o 13.5 
14,,5 l�.O 
115,3 14,7 
16,5 15,6 
U�. 5 17. S 
2.1 .6 20.1 
26.6 24,0 
3l1.5 29,7 
l.17 , 1. 37,S 
67,4 Ll6,Q 

100.° 56,6 
152,1:;\ 64,0 
237,3 66,6 

E A81VE DOLLAR AM(')I)NTS APE APPROX!MA,TE AND ARE BASED ON RATES FOR OVERNIGHT RUNS 



'+ 
ID I 

9 a 
7 
6 
5 
4 

3 

20_ 

3 10 I 
9 B 
7 
60_ 
5 
4 

3 

2 

2 
10 1 

9 
8 
7 
60-
5 
4 

3 

2 

10. " t!!!!! !I!!!!!!!"!!"I!!,,' 

10 IO� 

NO, 340-L35 DIETZGEN GRAPH PAPER 
LOGARITHMIC 

3 CYCLES X 5 CYCLES 

103 

Po� (Wf\-rr $) 

OIETZGEN CORPORATION 
MADE IN U.S.A. 

,04- (05 
106 

F"l& 



101+-, 
9 
B 
7 
6 
5 

4 

3 

2 

t 03 , 
9 
B 
7 
6 
5 
4 

3 

2 

f()
2, 

9 
B 
7 
6 
5 

4 

3 

f 0 ,UrijlBjlmlmr�jIWI�111.II�m 
/0 /0

2 

NO. 340-L35 DIETZGEN GRAPH PAPER 
LOGARITHMIC 

3 CYCLES X 5 CYCLES 

DIETZGEN CORPORATION 
MADE IN U.S.A. 

.3 
10 \0'+ 

P:r.CR � (WATTS) 
lOS 10' 

FIG- ;2 



3 
10 

10 

:�UI#lI. 
3 H+H+11111I11111I11I11 

211 1 1IIIIIIIIIIIIilllllllili 

31+++H 11111 11111"1''1''1'11 I i ,i II , 

2 __ 

5 •. 

10 

NO. 340-L35 DIETZGEN GRAPH PAPER 

LOGARITHMIC 

3 CYCLES X 5 CYCLES 

102 f 03 

DIETZGEN CORPORATION 
MADE IN U.S.A. 

IO't 

�c.R 14 ( "" PrrT,$ ) 
( OS 

106 

FIG- 3 



10 '+ 

3 
10 

10 

10 
10 102 

NO. 340-L35 DIETZGEN GRAPH PAPER 

LOGARITHMIC 

3 CYCLES X 5 CYCLES 

DIETZGEN CORPORATION 
MADE IN U. B.A. 

3 fO /0 � 

PeeRH (wp.:rrs) 
105 10' 

FIe;. '+ 



IOLt 
U 
6 
5 
4 

3 

2 

103 � 
8 
7 
6 
5 
4 

3 

2 

"l 
I 0 � 

B 
7 
6 
5 
4 

3--

2 

10 
'0 102 

NO. 340-L35 DIETZGEN GRAPH PAPER 
LO GARITHMIC 

3 CYCLES X 5 CYCLES 

OIETZGEN CORPORATION 
MADE IN U.S.A. 

.3 
10 IO"t 

P :tCR H (W "'7T�) 
lOS 

I 0 � 

FIe;. 5 



L.f-10 !mttt� 

.3 10 

'2 
10 

/D 
10 10

1 

NO. 340-L35 DIETZGEN GRAPH PAPER 

LOGARITHMIC 

3 CYCLES X 5 CYCLES 

DIETZGEN CORPORATION 
MADE IN U.S.A. 

.31 
10 ro't 

PJ:�H (WAn 5) 
J o

.s 10& 

FIG 6 



10'+, Itt -

.> 

9 1 e 
lIffflllf 

7 
. 

6 

5 rit1 H .' 4 

3 1111 i 11111""""""" 

2Fi Ili""""""""Ii1 

I oJ, ��i"I"I""I"lIi"ll 

10 2-

B 
� ,IIII,' : " \ ' , 

, I i 

5 
' 

4 
i 
, - It!. I : _ � ; 

31: I : i II! 1!llllllll::Il:I'I: 

'0 ,'I!!!!!!! !I!!!'!!'!!!'!!!! 

It) 101. 

NO. 340-L35 DIETZGEN GRAPH PAPER 
LOGARITHMIC 

3 CYCLES X 5 CYCLES 

103 

DIETZGEN CORPORATION 
MADE IN U.S.A. 

, 0 � 

P 
U,R 11 (IN AilS \ 

lOS I 0 (, 

FIG- 7 


