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This note describes a computer code (ZEDTID) that calculates 

the spatially averaged electron (and ion) density, neutral density, 

electron temperature, and ion temperature in a steady state cylin­

drical plasma. It is a simplification of a time-dependent code 

(SIMULT) described in PLP 50S and is much faster, more accurate, 

and quite adequate for a variety of quasi-steady state situations 

such as a cw microwave plasma in a toroidal octupole. It uses a UW 

library subroutine (ZRNEQ) that seeks a solution of N simultaneous 

non-linear algebraic equations in N unknowns. In this case, it is 

used to solve particle balance equations for electrons (or ions) 

and neutrals and energy balance equations for electrons and ions. 

The various particle and energy loss terms are a refined version 

of those presented in PLP 50S and will described in detail in a 

forthcoming PLP by Patau. The physical processes considered are 

listed below: 

1. ionization 

2. classical radial diffusion (e-i and e-n collisions) 

3. obstacle losses 

4. microwave heating (including finite cavity Q) 

S. electron-ion ener�/ equipartition 

6. neutral collisions (excitation) 

7. bremsstrahling 

8. synchrotron radiation (ignoring reabsorption) 

9. radial energy transport (ignoring VT) 

10. ion charge exchange 

11. neutral shielding (thermals and Franck-Condons) 

12. finite beta 



A large number of cases have been investigated, and a representa-

tive sample are described below. For each case considered, the 

microwave power is varied from 1 watt to 10
6 

watts. Convergence 

is obtained only if a reasonably close initial trial solution is 

supplied. This was usually done by using SIMULT with constant 

field and low power to approach a steady state. Initial trial 

solutions for successively higher power levels are determined by 

fitting a quadratic curve to the preceeding three solutions for 

each unknown. In spite of this, convergence usually fails before 

the power reaches 10
6 

watts. It should also be pointed out that 

2 

other solutions may exist depending on the time history of the ap­

proach to a steady state. 

Small octupole: The terms used to describe confinement in 

the small octupole are identical to those used in the refined ver-

sion of Sn�LT. (In fact, the function statements can be directly 

transferred from one program to the other.) The parameters used 

are as follows: T
wall 

= 0. 025 eV (room temperature), L = 270 cm 

(maior circumference of toroid), a = 18 em (adjusted so na
Z

L = total 

volume), Ao (obstacle area) = 90 cm2 (emperical1y determined from 

lifetime vs energy for ions and electrons), p = 1 x 10
-5 

torr (at 

plasma bOLmdary assumed HZ)' B = 1 kG (crude volume average), f = 

2. 45 GHz, and Q = 2000 (without plasma). The results shown in Fig. 

1 agree remarkably well with both experimental results and with the 

peak values of the time-dependent program SIMULT. The results agree 

within 1 part in 10
6 

with the steady state (B = constant) infinite 

time limit of SIMULT. The electron temperature stays nearly constant 



at - 5 eV while the density increases linearly with microwave 

power. The computer printout for this case is included in the 

appendix. 

Large octupole: For the large octupole, the parameters 

were changed to the following: L = 800 cm, a = 50 cm, A = o 

700 cm2 (actual geometric surface area of levators), p = 1 x 10-6 

torr, B = 1 kG, f = 2. 45 GHz, and Q = 20,000. The results shown 

in Fig. 2 are similar to those for the small octupole and agree 

almost perfectly with published values (Fig. 5 of Phys. Fluids 

14,1795 (1971)). With levitation (Ao = 0), Fig. 3 shows that 

the electron temperature is lower and the density is higher, but 

this case is probably unrealistic because with classical radial 

diffusion as the only particle loss mechanism, the time required 

to reach a steady state is much longer than the duration of the 

magnetic field pulse. For this case, the time dependent program 

SIMULT would be more appropriate. One use for this program would 
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be to try various loss terms with different parametric dependences, 

seeking a good fit between the density vs microwave power curve 

and experimental measurements. In this way some information about 

the nature of the anomolous losses in levitated mUltipoles can 

hopefully be obtained. 

Toroidal quadrupole: The 1Visconsin toroidal quadrupole (with­

out ohmic heating) was investigated using the following parameters: 

2 -4 
Twall = 0. 025 eV, L = 160 cm, a = 6 cm, Ao = 3 cm , p = 1 x 10 

torr, B = 1 kG, f = 3 GHz, and Q = 500. The results are shown in 

Fig. 4. The electron temperature is nearly constant at 3 eV and 



the density increases linearly with microwave power. The actual 

density in the experiment is considerably below the predicted 

value at 10 kW input power, and this is evidence either of anoma­

lous losses (perhaps instabilities) or of the absence of a steady 

state (unlikely), or of a high reflected microwave power (very 

likely). 

lMECE mirror: The electron cyclotron heated mirror device 

in B442 Engineering was studied by adding a loss cone term as de-

scribed in PLP 518. The term includes scattering of electrons 

and ions on one another as well as on neutrals. Arnbipolar poten-

tials are also considered. The parameters are as Follows: T
wa 1 1 
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-4 0.025 eV, L = 60 ern, a = 6 ern (limiter radius), A = 0, P = 1 x 10 
o 

torr, B = 1 kG, f = 2.45 GHz, and Q = 500. Figure 5 shows that T 
e 

stays nearly constant at � 30 eV while the density increases linearly 

with power in reasonable agreement with experiment. In the experi-

ment there is also a TIL�away component of electrons (> 10 keV) not 

treated in the calculation. These energetic electrons have only a 

small effect on the particle and power balance, however. 

ELMO mirror: The Oak Ridge Eil�O mirror device was treated in 

the same way as above using the following parameters: T
wall 

= 0.025 eV, 

-5 
L = 25 em, a = 10 em, A

o 
= 0, P = 5 x 10 torr, B = 3 kG, f = 10.6 GHz, 

and Q = 10,000. The results shown in Fig. 6 are very similar to those 

in Fig. 5, but differ by as much as an order of magnitude from those 

predicted by the less refined Oak Ridge program SIMULEBT (PLP 489). 

ELMO Bumpy Torus: The Oak Ridge ELMO Bumpy Torus was studied 

using the following parameters: T
wall 

= 0.025 eV, a = 10 em, L = 

175 em, A
o 

= 0, P = 1 x 10-5 
torr, B = 5 kG, f = 18 GHz, and Q = 10,000. 
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A neoclassical radial diffusion term as proposed by Guest (ORNL-TM-

3694) was used. Ambipolar potentials were neglected, and ions 1vere 

assumed to diffuse at the same rate as electrons (as suggested by 

Guest). Electron-neutral collisions were added, however, and the 

radial energy transport corresponding to this particle diffusion 

(ignoring VI) was taken from Kovrizhnyy� (Sov. Phys. - JETP �, 
475 (1969)). The results shmvn in Fig. 7 give a somewhat higher 

density and lower temperature than was previously calculated using 

SIMULEBT (PLP 489). It has not been possible to get numerical con­

vergence for powers above 1 kW, and so the interesting collisionless 

regime which the experiment will hopefully reach (with powers � 
30 kW) has not been investigated. The EBT case was also run with 

Bohm diffusion, and the result is shown in Fig. 8. There is not a 

great difference from the neoclassical case, as has been pointed 

out before (OPNL-1J.1-3694). Experimental measurements should be 

forthcoming. 



.I. 
, • ..l.li::'-l vi L:::I7 -.i-u::J:',;:); 4c. Zt:.L,',l. 

L t-'KVG,<h,J, /t. .... IIU - ':-ii_I-T ':' . '  l�l", 
Ul,·;LI\)�l\.I" ,.d.I i (4) ,;d, 1.\;(1+) ,',;O[d'll-i-",) ,XOL, (4-) uuL,2(Lj-) 
G 1 :.j t: f" S 1. \. ,'i t-',' ( j 1 , , w L (j 1 ) , It_�, ( ..; 1 ) , 1 i P ( 31 ) , lJ [\ ;-' ( .).L ) 
c.X I tr\I',j, ._ MUf,F (.)" 
CI.JI,ji·iO"l • , r, r,LL,. , i ... �, f.u, <t.:), 1,1;..1' I·, , u 

:::' .. L�CiFY pp,r�J.;(-'I�-i,i�::':' 
If-J-.lr =1 
r'� JH';=l.. D'+l �,32 

C 1 hli\>� L� i'�v' 'LLt� Jr- 1 Tb'�h T 1 Uf ::; 
\.. 1-'1.1 J...J I-' �, AI'- 1·,ICr\"dfIVL /-'() Et< II� \;v,'l f5 
\.. UL/-1 l� 1[\j1 T >.;\L i".:::, TY l.i\ J.u*+':I/C\.. 
\.. 
L 
C 
C. 

L 
l 
L 
l 
L 

I r.IILL- 1_, ir<,.j,LL I .J'II'L[.k 'U· E i. l::.. V 
Tt./ IS �fd llAL ; Ll:.C'H';:�i� Ti::.i-'if'I:1 A. rt.,lhE: If: V 
',-1,\ 1� J.1'.iill1\L .vl'J 'U'lt) h/\flh<L ,,�l t.V 
AL l:; L L.i j lJ l! 1. \! C 1"1 

I:" "'.:> nl�' '" v� .I. i� j} 
l'lv ... S \h Sl/,(,Lt. ;(t.rt I,\; '.l\ C\! 
PI .. t:.-; 1 J ikl ... fKfiL Pr<t-:.�SLJK , il·) lLJ*',,-,) 10h;{ 
00 is F'I::.LL Al J r c.i, ';;�LL 11-1 h(;Ij-IU-:::'S 
f l� r-'h:htJ, h'�/L ,-\LI_Ur..I.C � ll'� Gi,L 
u L:i r d,�, I�i 1 (. K () ;, \I L C J\ V 1 I '( l.i 
11 i'lt� -,,::.1. J U 
r-U= ... . u 
l1Lr.=iJ. <.:: 
'''',ALL::'J.O :..; 
TLX::�.J 
rJ.i\:::,j. 0 :!:> 

i-IL'::e,: f'lI • .  , 

/1=l.v.U 
/,v='3('.0 
r'hL'.:;�l. 
uU=i.u 
F::...2.I+S 
,J=i.udU. �, 

��-'c":.i.F'y h.n JI-\L lv.,L,ITL j,J 
,\ 1:-01 I ( .i. } �ut J, 
j.,J.,·d i ( ;:,  J:: i <-r', 

AI,JIl(Jj=lll 
" 11 \j 1. r ( 4- ) = J u lj • '" _ ' tJ ,\ L S 
LA.::'.c:L It' • , 

�,td r t. ( " , ' 4 U 0 j 
't U lJ r=- V r \ ,",,-\ I ( .i. H 1 , , 

c: f � 
.a. .. - 'r�} ..L c..., ,!-{ 

'-11 EU, 
r'O�, cH 

r It:Lll 

c SUI-v": :::'I"ii-\;"Y S I T� L�LJrl,lul';�1 
�il" CUl'lT[HJ 

r'::r\j�f:'f' L"''t lIP.; -1) 

e;\ 11 
,-J()\T' ) 

C/II-L Lh £l't\Al,4.l; ':�U).J:Cd,q·, 1.0L- 'u' II.".", ,,,1- ;'1. 'U,Lh, >(..1 r�, Lt.-II , /1Ihi) 
d=Jl/!�T( "t;�lLU*w -· t . G:'i:.. -�. "' /\t--L � L) .. )*()\Fl.r�( )+;\,·'l .. J{�)} J) 
.-; u 1 = IJ 01: .. j. ... ;. r l:� ( : ) "'..): ... f , T { : - i foI;\ 1 ( F: ; H 2) , X F l i • ( .») } ) 
i;ihlT,:'(o,�u\}) II- h,l.�I-,k', 'AFl.�(l) ,,,FINL.::) ,i\r ..r;(,)} 'AFH,(4) ,r',SJ.l. 

:')lJu Fv,�H;\ T ("rl , 1t,' ... , , It: 1:3 ,It, 
t-' r' ( I tJ �'" \ ) = f'. LuG 1 \J (I-' ) 



7 \..l, 

o L r1 ( HJ" ) ;.;: Ii '- U G i; (X f- H ,I ( .I.) ) + 1 • ) 
ILI'< hJ .. ,);';:r-,lU\J.l l, '-ll�<;'.:�) )+l.u 
r i. J < li"J ,�, };.;: i-\ L 0 V l. ,t;( f lill ,,:1) ) + 1 • 0 

uM'( 1r:-;.1 .• );';:r-L...uGl. , ( . 1-'111(4) )+.i..') 
l) 0 7,; tJ 1. ;.;: 1 , Ly 
It- (lP;" .L�,.l) 
i. t- (i. r., • .:. \., • 0::. ) 
.&.1"" (h'i; .-:.:....::::,> 
... F (.&.,.. "J '\J�·: . • 2.) 
1\0 __ , (.I. I :�Xl- 1.,. (1 ) 
.1 r> " i , :: 1 iJ . r( + 1 

,l.dl (i)--�I-lr,{.l) 
. Ii, i (1) ... .:\t- ii. ( i ) "l<c./XOL!j i 1 ) 
. 1, � 1 "( ( I ) - : :, \>I f\ T ( ,,0: .. 02 ( I ) .f;,,< � l h ( j ) * >t. _, ) I ,,\,) L.J ( I ) )H<..: 
.OLI...'t:"_ (I) ;:';\ULC, (1 ) 

r r (.i i-> ' " � • L c • ,H) 0 u T ij c!- G 
'7 lJ\J C0,;T H�u, .. 

(.. 0Io�P;'1 '.)i� Tt-'l.,-I 
1 r \.:\;.;: 1 r'i. r\ - 1 
L.: /-\ :.... L \J < " , r' I i c. (1..);-' � f i � , , L; : .. �, l h ' , 1 ) .. �, '0 X f; , , t, lol. L f , t L '-. t (; - (�; T I 1,1 E I1:J t.. F' C .. I.." 

U' r :':;1:·.1 LI'II J.(;r� • • t , '1' IC.h ,'/f vL 1·0�.' r( • •  t " Lr"'::"ll Y ,iiu TL "itJ • •  t , 't, t ) 
\.: A i... L \; I � II j':' 'v ( �' P t ,r , , T t:. r)' , I" , , 1 P "t\, t I � () I" t:: t , � L t ) 
C. " L i... 010; � . i"l c.'J \ P e." " -, I � , d' , 1 P • .tH ',� (; h c=: ' , f � t ) 
L h i.... L b; � ,: He v (/-' t-' , � r� , , [ L F , • F ' , I r .. k, 'j. (, Nt.' , i 1\ ' ) 
ChL� CH:"i1"H: 
'�T''"';-> 
Lh� 

L ,j ' .  P il.., ,1.) , , : 



c 
• __ l: S -Ill / .1 c... /", v - ,I ':J : '.J b ; :; v 

F-UIJC(lC , hu"F(;;'\AIi,} 
U 11-, c., -.;�) .l . J i � i· l .l ) 
"(h'II'·,vl, · , h,,�LL, " ;�L ,;�::,;, I r:[�, 'lv' r , \.x 

C LJ l 1-' � 1 'l t. r U; j" 1 I � i ; '. (; C I U F' v L t.. 
L Ld .l � u.lu T GUL TLl llHd,j,llvf'< 

iJllur.::r.;S,UI'lt.ur, i. )�,)-fl.U.�l'Lh::'*Glit.01*Svl-<.T ('lL),,�ji'(-EJ.,/r:::)""(TF/(?;. 
'- u * r�:. + 1 :) • G ) +, \ L U v ( 1 • :A .. 2 5 +; • 1 ,., T I�) ) / (I l:. + 1 :::, ., ) 

u t.;: L, u, / LJ', D u.:. T u l If- F . :} I 0 h 
u c... ( �.)[':'I''J '.H f c. ) = �_JE, , * l u • 2J::>* . [1'1:-:' /' U-q ( 1 t: ) + U q' lJ 1 *:_ : ! L L r * f c. ) I u I tJ / .4 I tJ 

C (I.J L, ;) I u-j iJUL T J (. t:;�) r ,ell LvS��E::' 
l.J') l •. i!::, t" .:" (L) =,,;:. LJ 8 t'lJU��* ,0*:Jw� (r E +T I ,u / !./ h I i ,I... 

C u4 .l::.) _) jlJ r uUt: Tu F ICL UCC,4'l 
u4lL;�ll:",)::u.:J*!J� :,*hl, AX1(l'.U,I-,vL,. -u)/i-}OL� luT 

" �Li i� �UL/CT u�� i hllRO�AVlS 
r'L 1 ( t', ) ::. .. • U L ':; * r.J';' t:. r-\ i ( L >\ l' ',J L J ) / f, I p I A L 

.... rt...: ::: , uL/L I L ,': lu H) , �vLLlS.lOI�S 
IJ L c... lJ t.. '" " , I L , T 1 ) : ;.; • .:J '" l ) L t" -' * * L � ( 1 E - T 1 ) * A Lv, (:.->. _�' 11 :,<. T L '" .1' .�,/ f-\ IS S (l t.l'i -.J ) 

,: I l '-tv • G t- ,i:.) ) I I L :'f.: 1 • :) 

'-- d:_...l i.:. " uL/"l U ;[ Iv [/,,1 if�Tlvi 
t-' L,j L_. L '" , L, h:: u' " [ ) =.: I::; • 1.., " 1 ( J I:'" StU I • E u T , It ) -* t.. J� ( Ll • 9 � I ( 'f I: + 0 • 1) } 

l. I-" L 'f 1 �, . , u � / L 'I u ,  � I C. <.J t .0' I S � r � ,Ii ! l. tj t � ('J 
e t. '-1- ( '--' L ,i,) , T L, ) = 1 • , ' [ - '+ *- !A� ,-,1; -' * u E I .. , S '" S: .. K • (T [. ) 

'-- r'L� .l;:) ,.uLh,T .. ,.E� ,'e ::, '( , Ci'lI,C/Tt o! r,ACil\'t .. 0 1 " 
t-'LJ (.jt':'lj.' 1,_ j =:5. 'It.. -J,¥Llt .. S*L *L.I*i l"* (1.0+ It:... . '- l�,c.�j) 

I... r'LU '�::, , UL/,jT ..),L TG TI'I • .r<i','L ,--U:uuCTIC,.·, 
r'.::.�) ( i..; L Ii . '  I L ) = ( t:... • �;; u l:: (L- t. . S , 1 [ ) + ,2 • 0 >l< [; b ( (j"::; ��, -r ,� ) + Lo '  (L' L ,:\ ) ) * n c. -1 k",_ L ) 

C PIJ IS U.L/wT u C Ie Ch RGt: LACt .• \I,(jL 
r'ij(,.JEi_.,I..;,'. UT" IJ=L.LJl :'*:)U�S*L��LLJT*li,,1I¥{Tl-j�.;';�U/(Tl,t'1.JG.U) 

C f-' 1 () .L S U 11 u 1 :.,; . ,i: h T I '._ j 1'1 H L '-- Ij!, U u C T 1 0 i j 

1 

r} 1 0 ( ut ·1, '1 L , T 1 ) _ ( c.: • :.;, -* j 2. ( :'=:':1 .. 5 , 1 t. ) + � • 0 *D J ( L U'I_: , ru -+ '-' -+ ( :;L ) J >t- ( T 1-1-) i'-l 
.::L) 

UL,\=� (i) 
i)LILi':uL .' 

lu\=,,(2) 
1 t- ( le'. k • �_ • '-- J • -* i ;', � i... ) T � 11 _ • 2.:),.. T ..;-' :  L.:j< ( A L 0.::1 ( l: X �J ( ,,� • :t-- 'I [:, /-', / r. ;\ i.. L ) + 1 • ) + • ; 11 ) 
Tt.= r ,:-',-\ 
1"1,;=;« :;) 
H' ( ,'�.',. �_ • ..:.: J • u:.+< � U',:" L ) I; 1-'1:: U • 2 J '*' T .i t:, L L * II L ,j b l i:. P ( 4 • 0 *i I; IT.J L;,..) + 1 • (-J ) 

1.1.': [Ii-' 
ui�L:.U 1'=.-\ (-+) 
;,;:::.:>JK'I (.J5::,i..,(I*c.J -'t.l:�":'- '''ut.�\-t(T..J\+T1t:1») 
( 0L.L'=l", 
LJI�l.u 
tJv l J { , c:. , ,� , 4-) , i<: 
c V 1 J r .L :-h,Ji:. 
fi L; /\ r·- C ,\J:: ( 01 ( �:. l>.. , .  iJ L. U 1 , I c. . ) - u �� ( u C." 1 C j\ ) - J " (L t." , 1 i::. " ) - LA ( I..; C H ) } II) t=: :;::, 
''l.L YU;�I, 
Cu.,IT 11\IU, 

ULv-=F ··n-;- «(). L; 0Q;;. (r I,.) *-+c . + J.23. 0* (d/F) '*'* J • etA:>.:; 7) I 

H\.;AF ":i.j� ((i,-- i l P) - .  z'i. llJU\' ,EM' -( In) -r'c..3 (0 �H' Li,,' .j T, i ,J.) -:'1"_'" (GEM, Tt.:;\) 
,.:' - h':: '.:; ( L; 1:. ". , I u" ) - l 0 (u .II' T c. ', ) } / 0 LI l_' 

r\L lu,-{i. 
-.) l.V.'j r 1 r·.v 



rI U A f' C t i = ( P L L (LJ L.", i' t: t\ , T l f\ ) - r= 1::, { .. , L I , U f � [ U T , i 1 I'd - r' I L ( C L h' f t. A, 1. ,, ) ) It.:; �� . " ::' 
i\t.. TJ.<f·� 

'.,. CUll f l:�lj( 
u r. I = .J ,,; :::: • lJ '" t·· , d: ::) ".t' Xi-' ( - 1 • � _ . t: ... - 0 :i. ;� '" u 1 (LJ l '" , tJ, 'L. \j I , I t:.f, ) / j) I . L In ) 
wiC:::':'2., ()�,i.;t.::S* At'l-b.Y .r..:.-2j*!\'I<i;� (i.JEA'Ld�,._I_�l 'T!:'t\)/llj\IL01) 
;'uAt--(.;·!=, dkLJ'I-ui,. - ; " X l 
hE.. i urU', 
t.I,J 



l- :) J�. � r- '11 ,�'.! "'�J 
. n n. -I :... "\ r I 

:J r-... ... � :::- r) ,-I }\ ' :) . ..., 
::t ,-t ( . � .""-' -t 'I""'" J'. .:r .C1 ." 0 ;-_ ;-- ,1!..... ...;: (\: ::" 

'wi -: �- J" ...... J :\1 {'� 
�) ,.,:) .:;; .; 

i'- '.oJ : !-� ;"j 'J � ':;' ::> -\.1 1""­
..c :J . .;) ,<) .J 

• oJ :.n r- �1 �'­
-i .J'" -.J .�  v', 

• • • • • • • • . • 
:t� �-:J � ..... J ,..-.. 

�:\; <1 _  
f- - 0 
f--- (\j 'J'" {) .. � � 

M -; :'J T .- -l 
.-' 

� 
:'.:j ....:> .. ::J :J: 

..!J.::l :l :> .) 
......... '7' .:J ,  ... -;) 

-
:J ::,:) ..:) .,:) ,:) ..::> .� .,,:, 0 � �;) J' 0' A, 'J'. r:;�.J' J ����o � :> ���� � ����� � 
") C:; ':J �': � ::." ,J _, -, �r,. ",,":, :,..... "'Y 7' :"" LL • • • • • • • •  • • •  .. . . . .  . 

� ..... n M � � � .-1 . -i rl '....... --t -1 -4 � .-4 

:;) r- :::>..-i ;7) :::> '.:l '-1. ,'\I r­
- :.J n ;\1 .-0 . ..0 (\.I :G .,..; -; !'- ,.c .::> --I ...... � 

.'- ,r"') 0 ...... 
:-0 c{) .j- • -;.1 .:c � '.J �J 

.::;!" n :> .:t r­
" .-0 'f) ,0 :0 
:<) ;.. ') C'G (lJ .::t 
...... ('.J '"'J :::; .-1 

-j- '1 
.c {) 
,-:T I"­
� ..[; 

__ r-- f'"-- . -·O:..!.J.:t -+ . J (\J �." r-
'0 � :-.:-:" ') '0 '; D 1'- I"- .... T 

• • • • • • • • • • • • • 
)�3::!".:t �3�S��.:t.:t 0 0 �� f<J ,<) tol r'1 I") �'l n :'<1 r<) ;<') �) ." !'i 1'0 1<) r<; -:l .:t r- ...... . ::) :t :"\j N ........., _ (�� ... '1 

• ') .'f) .. ) "") "J ....• r) ') .') 'J ') ., ., .. ) "):-'1 .-) ."} .. ) " ) 

:r 0 �- '- J\ � ,J .\1 ,;, )\ ')  -; ::t :> .� \j j- ..:.) -; ,- .J 
.-! :� C' .. J:., ,'-j .-! '_:' .� -i::::. L1�. r-- -; .u .,..; 1"-:' 'J , ., 0.:'<) ('-

_ .... .:, , .... .J ') ; .... . _> _ ..... .: . � w) ::: . - ,;,..' 1 '1 I, '.-'. 
'-j,;;) :> ':) -::> '"j -; -i :\.J -:r ,J .) OJ .:t Y) oJ '{) ") .::1 .r) r--.. -l rJ 
, - . . . . . . . . . . . . . . . . . . . . 

-i .-i rl "\l �\! 1'0 ..., ::t �t : () .1') 

'- � �""'!!1 �;"--. r'- :c ''\j --1 \� .�.:1 . - ''"\J �n ' 0"::-- r-." ' . .0 !'- 0 
...J 1'- ..J rl _J rl '-' :<) ,'\j I'- cr. ....'1\ r- rl (J\ <-1 .0 ...... _0 I'-" I,,' 
-; -; � \j ,'J , :") ,:I' j) 1'- J' "\J � ,-i 1'- ;� .:)\1) "J '::J .�') ..:5 iJ 

...J :.:> :;) :> ::J .:> ..::> ::> .:J .:> ,:) -I ---i \I :\J ,J. ,) .:t' i) 0:-- �.-l 
r- • • • • • • to 

i \ '  

• 

.. ' 

. -, • • • • • 
... ' •. " 

'j J ...... 
:;', N )\ 

r; rl ::t 
� . .; �-I =. .) 1') ..... ..J ,  ..... j � + 0j�. 'J ;'\!'-o-., J\ ..... 
:::; '::., ' .1 c0 .� � .J" .,., (oJ :0 :t (}\ () . .8 '.n 1) .-') .:) .-:T 
�� � Drl� ��I'-�n o:t � O�� 

• • • • • • • • •  • • •  • • 

.-} ,0 )' D ') .J ;) 0'- >-I 7 "J .--i '" :J' :s 
-l ." 0 ') '0 .. J J \I .:)' :) ,') � -0 0 

.-l .'J � .:t ; .... rl ::(} :) in 

:.. "j 1' J' ,� ) :) _ cj\ r­
.J.J .:>...r -; rl . J'> .;:) J .j :;) ·.D 
":; ..,:) D ...... D -:J .� T rl ,...j 0' 

:> . ) ,-- 'J ::t ::l 
::> 'J' 1:) 1- ,..... ..::> 
::> ..J "O:::> :J ::J 
) :t  .... . -! J' '':l 

0 (,) )' C) ;) 
<) 0.-1 1 .::l :1\ "0 .  .....;::l 

,J 1-
J:l.. 

'J :..) � 
'1") .,. 

._ � .J oj ... 7\ � ') -=:. -f 0 J 1. • • •  • • 
. " -I 'oj ") i) .::J .n ;') .. Y\ �) 

-I rl \! "I 0 

. .; 

• •  • • 
') -:'.)-i ] .::J ::' � ,0 ,,0 'J' "} :) 

.--1 � 'oj 1 ,J ,:) 
-I 

:: � 'J () � 'J' -I ....J 
• • 

T ---i -"i 
-:J rl .) . ..,:) 
.'J �J � <') 
-1 '\.1 ,) 0  

· ./) .( 
:::> 0 -l 
':J S �, f­
::J '0 ;-; ....... 
. :::> �) . 7' 

-1'-; :=-4 

',,) 'C 
.: ,J J 'L 

.,L :)H 
.:= -I . J 1 ·,t ... 1 .) ,,- :0 J' :) --I 'J . ) l' .f) -:) -- .) � ..::> -l 'J -l 
': .-i r-I . -1  -4 . ...; . -I .-1 ,.� .; --I \J 'J \J LL -:: 
L � 
--i j 

..) .r: 



....; 
\I ....... 

....; Jl 
0 
:J r: 

C'J .J 
.-1 -I 
;j' :.J , '-i .r -1 ]\ :t 

f""") r>.J .-! :".:l 
>- • • • 

�I ,') .:;) ':} ':;) ::> J 
.n :� .�.:; 71 .A -"l .:M 
.:J U 

:t :J -! ..., 
.J � ::t "\1 J) :.:t 

Cl • 

- • �J ':l 
�., -:\J 

J 
:;> 
J ::> 

.)\ :J 

- :) -:; 
::> 

.J 
. ..J 
J 

') 

J.. 
.J 

-..j ,.. 
:0 L 
�, ..Ll 

) , 
.., !1 

-..! 
V -

1 'j 
...J '.JJ .Jl .n 

.J ) 
- .) c: .. 1 ..... 

-:> .[ .... ..J oJ oJ 
.::. 7 'n � 

,- I j . ) 
... ) :) .) � ::: 

1_ "- "- .::> . :( 
u ....;. ....; 'J U 

j\ 0 
, .., ....; 

• 
.:;; 
H .q 

') --I 

.) 
1 

-: J 
.-i .) 

1.. � 
r 

rJ .J 
.J 
.J Q 
.::r :-> 
'1... J 

-J 
0'. 
'::J 
-A 

J") 
J 

.J 
, . 

J 
(-

� .... 
!. 
� 

I 
.:J 
'J 

>-

I 
_J 
� 
::: 
� 

.::. 
:> 

lI .• 

() 
W '-

� 
y 

"7 
,3 

1 ' , .!J 
, 

�� 
..::. 

..L.i 
:::: 
.J: 

;:: 
, .... 

So 
. --. 
-;) 
-c 
:1-
-

-.. 

X 
:::: 

''1 
:-,. 
::J 

) 
-
'( 

.... 
1: 
...J 
.....i 

::> 
'.'J 
JJ 
;:. 
') 
J 
J: 

.J 
1-

" , .J "- r-
" ::" '1\ 

....; ....; -i 

'J J -! 
....; ....; .-! 

..J .. .; .�, 
J ) ) 
I I I 

, ... 
;t .r 

.,£; '- r-
. :) ., 

-.J\ J'\ -1 
:l .:"J -! 

..:.! ..;J .J 
� - "-i 
..... >� -! 
r- :-- t_ 

,. 
z: :J ..:J 

� -y 
-t 

") 
-::: .J 

.� ,..... ') 
-I .. � � 

� !.1 .J 
'-4 ,-



• tJLu 

1.VLJli 

2. Ld.H; 

,:-.uuu 

�.UU 

�.vl;u 

. r , L .  U ... lJ 

-\.JuU 
+ • 

+1 J 
.1 i,.,l 

• I 
• 1. 
.. i 
",1 
+ 1 
.. � 

1. 
• 1 

• 

+ 

• 

.. 
i-
• 
• 

• 

+ 
• 

• 

• 
• 
+ 

.. 

• 

� 
+ • 

.l..Ll;lJ 
• + • 

.:... 
L 

u 
I' l:. 

,', L 1.1 

U t: 
..... 1... 

t. 

t. 
,:. 
I:. 

.1 ..:.. 

.l. L 
L 

J. L 

1 L 

I 
... L 

I-

L 
i. 
It. 

'-
.l.L 

It:. 
It. 

• • ;. • • • 

;.. .Juv � .l Ou l: .l;Ull !.J. UCIU tJ • . J U ,J 

+ • • + • • + + + 

I� 
l,J 
;� 
.. d 
n 
r-': 
j'-l 
I" 'j 

i 1\) 

u h 

L) !,' 

e' [.J 
L I" 

hj 

, ... 1 f'.i 
U hJ 

U �� 

Uh 
I. 
I', U 
l\l ... ' 
I', t.. 
I"; J 
h 
H U 

1\.1 c. 

-t • • • -t • + t- • • + 



I 01 It-

10'3 

12 

10 

SMALl OCTt)POl.€ 
I ')( 10-5 TtJRR 

<. 'tS GHa 

lOS 

\ 0 't-

IO�lU 
� 
:l 
t­
« 
(\( 
UJ 

100.. 

',0 

� 
tu 
t-

10 g L-__ �� ___ --1. ____ L--___ ..L-___ � ___ ----l 0.1 
10.3 I()'f-

/0
5 

/0
6 1.0 10 

(WATTS) 

FI G- I 



J 
OI

Y. 

los 
Lf'tRGrE OcTlJPOLE 
SuPPoRTeD 

10'
.3- I X ID-6 ToRR 

IO't ;). If-S G-H� 

/0'2 
103 

.-
- :> 

� 
If\ 
I 

f II 
2 ulO 10 lu '-' 

Q! 11.t> :J 
� l-

« -

Q!. 
V) I 10 

10 UJ z 0 
0-W 

"Ie � 0 
UJ 
l-

ID 1 
1,0 

g 
I 0 L-...L.. __ L----L __ L-__ ----JL-..--__ ---J� __ __I ___ ___l 0, f ,.0 '0 '02 10' Jolt 105 106 poweR. (WAITS) 



{ O'If-

1013 

,0'2 
� 
� 
€ 

f I, 

�IO 

" 
110 � 

\1\ 10 

L '0 

UJ 
Q Ie I Ti 

101 

LARGE oc. rUPOLE 

LeVt Tf\TED 
1)(10-6 ToRR 
:1, itS GH.e 

FIG .3 

103 " 
:> 
(J) 

'-

'O
2� 

':) 
t-
(( 
Cal 
w 

10 Q.. 

[ 
lU 
l-

1.0 



� 
If) I 
f 
U 

'-' 

).. 

It 10 

I d:i 

10" 

� '0 
-10 \I) 
z 
llJ 
0. 

10 <J 

TORe. Of\l qUA'DRtJPo L.E 

I )( 10- if- TO R R 
3,0 GJ-l-e 

no 

Te 

.5 
ID 

'0 It-

103 ........ 
:> 
� 

I � LU o � 
':) t-
(( 
IoU 

J () Cl. 
r 
� 
\-

/'0 

log�------�------�------�------�------�------� a�1 
f.() r 0 IO� 103 lO� IDS la' 

POWER (WATTS) 
FIG- 4-



10''1" UW£c.£ MIRRoR. lOS 

R=2 
\'1..10-"" TOR.R 

10'3 
2. &f-S c;..H� 

10* 

ftD 
/0'2 10.3 

""" 

:> 
� V 
III '-' 

, 

£ If) II to'luJ \J 
'-.J c;t 

:) 
).... Te ... 

4: 
l- oJ. 
-
\I) I ()'6 W 
:£ 10 � 

lU ( 
0. W 

I-

101 f , 0 

1i 

10& O.t 
1.0 10

2 3 10 'f" lOs to' 10 10 
POWE� (WATTS) 

FIG- S 



\ O' 't 

E L M O  M I RR o R.  
R = .2 

1 0 ,3- S- X I D - S  TO R R 
I D , b  G-H � 

1 0 5 

. / 0 It 

lU 
2 Q!  / 0  J 

t-
4: 
<it 

\LI 
0-

l D  � 
l-

f , O 

l og ___________ --'-___ .--..I""""""""� __ ..a.._ ___ ........ ___ _..t 0 , (  
1 , 0 1 0  I O � 1 03 / O lt I () -S 1 0 6  

PD WE R ( WPt TTS ) 
F I G- 6 



I D lit 

1 0 13 

/ 0 ' 2 

-"\ 
" 
, 
f / O l l 
\.) 

\..I 

>-
� 

� 1 01 0 
'.lI 
D 

10 1 

, o� 
1 . 0 

7) 0  

Te T· ) t 

1 0 1 0 2 / 03 
PO IWE: R ( WPlTTS ) 

' D � 

� L. M O  6I1 M P � TO £. (}.,$ 
t-.! EO C LASS ' C Pt L  O I F F 
, � 10- s ro R. � 
1 8 G H � 1 0 Lt 

103 
-

� 
Q.) 

'--

I () l 
OJ 
� 
":l 
l-
« 
Of. 

1 0 UI 
<l-

� 
\U 
l-

1 . 0 

I () � 

F I  G- 7 



"'" 
"t 
, 

� 

1 3  1 0  

, 0' 2 

I I 
U I D 

" 

,.... 
I--
€A 10 10 Z 
'.1.1 
D 

' O � 

E L M O 5tJM P 'f T o R OS 
BO H M  D i f F U S I o N  
1 )(  1 0- 5  T O  R R  
1 % G H l 

Il o 

1 03 
--.. 

::> 
Q.J 

\",..J 

'2 1 0 lU 
O! 
� 
\-
ex: 
� 
UJ 

1 0 <l. 
� 
I..IJ 

\-

1 . 0 

1 08 L-___ -'-___ -'-___ --L.. ___ --'-___ .........I. ___ ---' 0; I 
" () / 0  1 0 2 

1 03 l O Y' 
PO W E  � ( W Ai T S )  

1 0  ' 

F I G g 


