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TOKAPOLE II DESIGN 

PLP 730 

J. C. Sprott, T. � Lovell 

I. INTRODUCTION 

This PLP will explain the physics and eng ineering cons iderations that led to the 

des ign of Tokapo le II . The goal was to produce a device that would g ive ano ther 10 

years of plasma physics relevant to the fusion program . The s trategy was to  build i t  

enough like the small oc tupole that we could rely on our 1 3  years o f  experience t o  opti­

mize the device, but sufficiently different that it would open new parameter regimes 

for s tudy . The primary des ign criteria were s implicity, reliabili ty, vers atility, and 

economy . I t  was to perform as an o ctupole at leas t as well as its predecess or, but 

also to push as far as poss ible toward s tate-of-the-ar t Tokamak dens i ties and temperatures . 

The expectat ion of hot, dens e plasmas was based on ex trapolation from the results ob­

tained during s ix months of operation of the or iginal small o ctupole with s trong toro idal 

ohmic heat ing (the Tokapole I mode of operat ion) . The major improvements dictated by 

the phys ics of tokapole operat ion were: 

1 )  A larger minor radius and lower aspect ratio . 

2 )  A s trong er toroidal field of longer duration . 

3 )  A higher deg ree of magne tic symme try, especially the octupo le null deg eneracy . 

4 )  An improved vacuum through be t ter pumping, cleaner surfaces, and provisions for 

baking and discharg e cleaning . 

At the s ame time a large number of improvements were des ired in order to improve 

access, reduce maintenance, and facili tate future modifications . I t  turned out that 

the above conditions could be mos t  e conomically satisfied by pres erving the exis t ing 

iron core, control circuits, and diagno s t ics, but manufacturing a new vacuum ves s el 

(including internal r ing s and toroidal and poloidal field co ils ) ,  buy ing new vacuum 
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pump s , and enlarging the existing capacitor banks ( incorporating 54kJ of capac itors 

left over from the toro idal quadrupole ). The parameters of the device are 

summar ized in Table 1. 

II. VACUUM VES SEL 

Conv entional wisdom ( s e e , for example , M. B. Gottlieb in PPPL-1296 , Nov. 1976 ) 

hold s that tokamak dens ities s cale as n � B
T

/R
o 

where B
T 

is the toro idal magneti c 

field and R i s  the major radius , and that energy confinement times s cale as T � na2 , 
o 

wher e  a is the minor radius. The product nT is therefore proportional to (B
T

a/R
o

) 2 , 

so that large toro idal fields and low asp e ct ratios ( R  fa ) are des ired. The existing 
o 

iron core with a 10- inch square cross-section and a 28-inch square windo w  was suf-

fi cient to allow a toroid with R = 50 cm. and a 44 cm. square cros s-section with 
o 

a r eas onable allowance for wall thickness , toro idal field windings , continuity windings , 

poloidal field windings , and insulation. 

A conducting wall is p o s s ible b ecause the energy confinement time of tokamaks 

of this s ize and field ( B
T 

� 10 kG ) is only _1 ms ec. A high conductivity wall is 

als o  des irable in order to enhance equilib rium and stability as well as to smooth 

out field errors from the nece s s arily non-uniform winding of the toro idal and polo idal 

field coils. Of the available high conductivity mater ials , s ilver and copper were 

eliminated for economic reas ons. Pur e  (1100 ) aluminum was als o unavailable in the 

s ize and quantity required and was als o undes irable b ecaus e of i ts low yield strength 

and poor machinab ility. Type 606l-T6 aluminum was chos en as the best compromise of 

cost ($5 , 280 ) , yield strength (40 , 000 p s i ) , and condu ctivity ( 45% IAC S ) .  A thickness 

of 3 em . was chos en so as to give a p enetration time (defined by T = l/w where w 

is the frequency at whi ch the skin depth 0 is equal to the thicknes s )  of �15 ms ec. 

The stresses produced by a 10 kG field were found to b e  acceptable for such a 3 em . 



TABLE I. 

PARN'1ITERS OF TOKAPOLE I I 

r'1AJOR RADIUS: 50 CM 

r,� I NOR CROSS SECn ON : l{4 CM X 44 CM SQUARE 

TOROID \'./AllS: ALUMINUM" 3.0 CM THICK WITH POlOIDAl AND TOROIDAL 

INSUlTATED GAPS 

VACUUM VOlU�1E: 600 LI TERS 

VACUUM SURFACE AREA: 6 SQUARE METERS 

NUMBER OF INTERNAL RINGS: 4 (COPPER) 5 CM DIA,) SUPPORTED AT 3 POINTS) 

PORTS: 2-7.5" DIA,) 5-4.5" DIA.) 22-1,5" DIA, J 13-0.25/1 DIA. 

BT ON AXIS: 4.4 KG (EXTENDABLE TO 10 KG BY THE ACQUISITION OF ADDITIONAL 

CAPACITORS) 

LlR TIME OF BT: 20 MSEC. 

AVAILABLE OH VOLTAGE: 125 VOLTS 

POlOIDAl FLUX: 0,15 WEBERS 

AVA I LABlE ENERGY (POLO IDAl + T ORO IDAl FIELDS): 219 KJ (73-240"ll F) 5 KV 

CAPACITORS) 

BASE VACUUM: 1 X 10-8 
TORR 

PuMPING SYSTEM: 150Cle/sEC TURBOMOlECULAR PUMP" l000 �/sEC 10° K CRYOPUMP) 

TITAN I UM . GETTER PUMP I 

BAKEOUT TEMPERATURE: 150° C • .1 QUICK COOL TO <50° C, IN 15 MIN. 

PRE ION I ZA T ION : 5 K\'L 2.45 GHz; 10 !<V!.1 9 GHz; 10 K\�) 16 GHz ECR.H 
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thick wall. A square cr oss  sect ion without gus s et s  was d ec ided upon as a mat t er of 

simplic ity and economy , and because magnet ic flux c alculat ions (to b e  descr ib ed lat er) 

looked sat isfactory. The t ank was des igned without an ant ig ap to minimize f ield 

error s and t o  l iberat e  room for port s and t or o idal winding s. The bot t om was welded 

t o  the walls to insur e  g ood elect rical conduct iv ity as necessary t o  avo id tor o idal 

field errors. The t op , s ide , and bottom v iews of the vacuum tank ar e shown res­

pect ively in fig s. 1-3. 

Por t s  were laid out along rad ials at 3 0° int erval s  so that the t oroidal field 

c o il channels c ould b e  as straight and short a s  pos sible. Note that s ince the wall 

is thick and electr ically c onduct ing , toroidal field symmetry is assured if the t or­

o idal field windings cross the gap at the out er lid flange at evenly spaced int er­

vals , and this was donG with ca�sidurable c are. Wherever pos sible , symmet ry about 

the hor izont al midplane was pr eserved by arranging ports in pairs on the t op and 

bot t om. Two 6" ASA standard por t s  (7.5" clearance) were provided for pumps init ially 

envisioned t o  b e  a 1500 £/ s ec turbomolecular pump and a 1000 �/s ec , 10° K cryopump. 

The field error s produced by these nec essar ily large holes can lat er be  minimized 

by installing 55% transpar ent copper plug s which would have an averag e res ist ivity 

equal to that of 6061 aluminum with a c orresponding r educt ion in pumping speed. Two 

4. 5" diamet er por t s  were plac ed in the l id d ir ectly above the pump port s ,  and three 

4. 5" diamet er por t s  were pr ov ided at 120° int erval s on the out er wall t o  provid e  ac­

cess  t o  most of the machine int er ior. A detailed list of the port s  and their locat ions 

are g iven in Table II. In Table II, T r efer s t o  t op , B to bottom , S t o  s ide , UO to 

upper out er hoop, etc. , and the numbers refer to  t he azimuthal angle measured counter­

c lockwise from t he transformer core , as viewed from above. The pos it ions of the por t s  

on theout er wall are shown in fig. 4, and t he d et ail of t he port s is shown in fig. 5. 

Poloidal and toroidal gaps wer e insu lat ed with �" Vit on sheet sque ezed t o  a 

thickness of 0.18 0". The thicknes s  was c ons idered adequate to pr event arc s but not 

so great as t o  cause objectional field error s.  Vit on was cons idered sat isfac tory as 



I"%j 
1-'­()'q 
� 
I-j 
(1) 
I-' 

R,.. 

An} - _  

A.1'lli 

R!�() 
A//3 

@) Vi"" 

=--=] '\ ---" \ 
" 

5�O�_ ///j /f\ R�lo 

A�I't 

A��J 

R."" II-",.,.� 

R.o 

A'!I �., 
A •• 

• j)� 

/ 

04;1'3 A,7f 

�." 

R .. 

A!, /Tyr-T ... ,J./ u),.J,., /1.;.1 Dow" c' J 
t,; 1,.,.::"'""/ 

v 1-\ ........ 1II • .s 

�T�f' .I •• -I-"J-C�/'nJ B,ss 

, A" 
R)o 

A" 

�o 
1.S· 

- )( A3;3 

/ 
..q3<l", /30.typ, 
�/ 

RaO" 

3�·1-yp . 

/"0 

� 
fi/#/ifr-/04Ir17a,.;Jo/ reIn' -10 fi.'t. cliV'f!c..fli.'Y/ oj +h� 

_t-I!/.JJ f'V'G rlu.ce.J h ...., QO.. W'·III J,' .... "l. 7C-.,,-c:,jo./,!� GO V'(1-v .. rI 1Jjh. Inc,I,Oll'ciV'c.l.u.l).r..." r'e- o-L i-�(. j-<>""",J, vV0"e fQlo;dD..7'� er .. o......." ,J}+ltt WlIIl';JI. c.,V'c�/_��I(e. 
70,0 $,J.,_J 8offolr1 ('e�---4., d,,,ec-+/a-,j� 1lI.$ HfIY'" 17 'see,,; 0'1 "'""'" ob-:. .. vvol/'" s-t""""r:/",,,'.; c-... -+(./110";-­J"OO") +(". ,,<I. c-f "j-�< -I""d 

Roo!) R ... .lt ... /s _ $","i.'5r:II"'/_� i"'II:;�., -J-o cle"1l1"ef!!� cc<.V 

j'�f"lo,d"1 '1 of 0 

�_ A��"-II... v��, 70 .. ''/_( UJ,.J.,:; 
C"<.l<;St:5 {ovo)J ... f Gaf- '!i�,h,,>cv0+ l"e,feV"s/" <I,,'''' ce� J'-;Oo /0;</01 'i'/" . 

� Tor'r" ... -I-$ crt'l. hI�clc<-;f"'/�_'5L'hsefl'p+ 
t"'t'�4.,f� -/-0 d./""ff'� CC'wf� pc/�'/"!'1etp 

� s;cI"poV'-ts 0'>'\ i'vt:r:lfl_f.. - <;'-'/"S(�\p-{. rt"O«-V"> -+0 c/ • .,II'ff.S Ccw o=-� r�/o·�/o.,QP 
{JIqOD t0r u//--- /"nJI� 1,0;" ptrll"-f�-

'S .. /,sev-'id li'f'J.&oV5 +" elf. 711ft' .. CC�J,,�pc/C,q;;/'1'1,t:i 
00 .. , Tot' ,,/'/'- o�-i-: hoo/, /,<r'-I-s-

?(,.rpsc:v'.('+ V'''�_4 � J� '7 ,,·�s <:<:w J"'tJIIIIPQ�;.J./911") 
Iil t90I"'Q,�O VQ c'90,'9,0j300 #00,.0 j,-..,,�V' /)0'.1'15 
� P:y;-fs 50/''/ // .. , ,n,l,c,,';. he;;', 

c4s/'" I/"�$ �cI'/'c ... .f<. C!",oveo..,.;u Jr:-r a/�,� 

Re.o!lc..'j2Y'S 7/1'i/l� 5�;-t..<+ .. LJJP30, T<nclJLQ'O(IY.JI�uOlt;ol Tl0;'iq�"IO(;y,) 
;;1J:� �'/f�"t�i!�;o� �l}o()�/�/J$ --------- -- �S 
Iry�;?� rf!J .. ",v ' " '' -''' r"''r-n.,.",-,'7 £oJ .... ,, """'-'"') C .... -f,�"i� ..... l>... .. J""lIC.!c_/' 



,-.-.-�-r - -
I I I 

II 
II 

� -- ---

k 
I 

� 

Figure 2 



t'%j 
f-I. 

(JQ 
� 
Ii 
(1) 
w 

R"70 
I , 

A),if,'!o A;L7� 
r2.'f-V , r  

M4� 1'1 ,'" �,q, 

M'i!J 
� G \ , I I , :1 /--}, \ \\ ,/, \\ r I 'f 

R�oo 

I �_, 

I�'�\<"' vju:�:·�/ / /.'>/ ",,0 

1 ..... ;/-----..... I .. ,' / ,i-;-, _�';0 �1" - ,-....
.

. 
" • , ' LTho "j1u/ 

/ .  �\ 
If,,� 

/� ______ � I "- - .-- ' �'-- -

9 · '-....0 ( 1�' (�. / :::: -

�,,� - -:j----." ·::::....c1 . \ ') ,. , " ". ! .:: ,. {�(��, . , _di u---.J�I 

",'",C�\;?? l �. )/� E·· -�.=:J :'1,- -

,, ' 
' ,

'", iu _ . -� -

c! ' . Bt10 "\ : \ ,LI'" /"
. 

\ . . j --�-J:; 

V", Z
' / � I' ' /�- '�'/ ' "'- --, 

\ v ! , ) ' 
' - . 

A" 

R ,4' " 
-J1/ :®\ \\ . . (' . '---�. �' \ .<--- \ ,.). '/ 

' - '  . -
" 

: ,,., \ , :.)' " 
\ 

I , \ '-..;> 

, 
. 

I v/, 

o 
. . . .  \) 

R ", '/ f ' �1 I , / /V / 'AS' 

4,,; 

1.-'-. '  ,,- '1' , " "  U, V A "e 

, lLJ 
' 

, I I 
A \ 

A.; \ 
A9� I

' .� 

�o 
R," 

R,o 

A'53 

Ro 

" '- - All 



TABLE II. 

TOKAPOLE II PORTS 

7 . 5" (6" ASA) PORTS: 1.5" PORTS (CONT.): 0.25" PORTS: 

B 120 S 210 DO 90 

B 240 S 240 DI 120 

S 300 DO 210 

4 . 5" PORTS: S 330 DI 240 

T 120 B 30 DO 330 

T 240 B 60 SDO 90 

S 30 B 180 SLO 90 

S 150 B 300 SUO 210 

S 2 7 0  B 330 SLO 2 10 

SLO-5' 2 10 

1 .  5" PORTS: HANGER PORTS: SLO+5 210. 

T 30 DI 60 ,SUO 330 

T 60 UO 60 SLO 330 

T 90 UI 180 

T 150 UO 180 

T 180 UI 300 

T 2 10 DO 300 

T 2 7 0  LI 60 

T 300 LO 60 

T 330 LI 180 

S 60 LO 180 

S 90 LI 300 

S 120 LO 300 

S 180 
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a vacuum material provided temperatures are kept below 2000 C. and it is kept out 

of direct contact with the plasma. Fig. 6 shows the details of the insulated gaps. 

All tolerances were specified as ±0. 020" (0. 5 mm) with particular attention paid 

to axisymmetry. The interior (vacuum) surface was machined to a high degree of 

smoothness (�3 �inches) to reduce the effective surface area, but it was not polished 

for fear of trapping air pockets which would produce virtual leaks. 

III. POLOIDAL FIELD SHAPE 

Poloidal field configurations produced by fewer than three hoops are deemed un­

satisfactory for toroidal ohmic heating because small toroidal currents are incapable 

of altering the field topology near the null. Very high order multipoles are un­

necessarily complex, and so an octupole was chosen as a reasonable compromise. A 

configuration with four hOOps makes the most effective use of the square cross 

section, and of course it is the configuration with which we have had the most 

experience. 

Consideration was given to making hoops with multiturn imbedded conductors 

which could be driven independently of the ohmic heating transformer. The idea was 

rejected because of the difficulty of construction, because the optimum design would 

have put unacceptably large stresses in the hoops, and because careful programming 

of the currents would have been required to maintain a degenerate field null in the 

presence of plasma currents and field soak-in. The proportion of current flowing in 

the hoops and plasma can be adjusted over a wide range by varying the toroidal field, 

gas pressure, and preionization, and so the additional flexibility of having inde­

pendently driven hoops was deemed unnecessary. 

Program TORMESH (developed in 1963 by Dory and subsequently revised by Willig 

and most recently by Chu) was used to calculate poloidal magnetic flux plots and 

other quantities of interest for four hoops of arbitrary size and position within 

the square cross section previously decided upon. The program solves the equation, 
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with � = 0 at the hoops and � = 10 at the walls for cases in which the field is 

symmetric about the median plane . It also calculates contours of constant lEI, 

currents in the hoops and walls , total inductance, position of the separatrix and �-

critical (the outermos t MHD stable flux surface)� and the vertical component of the 

magnetic force on each hoop . 

The design criteria for the flux plot were as follows: 

1) A single degenerate octupole field null 

2) The separatrix at � !::' 5.0 

3) � critical � 8.0 

4) Hoops as far from the minor axis as possible for reasonable stresses 

5) Minimum required exposed hanger area 

6) Insensitivity of null degeneracy to field s oak-in . 

After examining about a dozen cases, it was determined that the above conditions 

were most nearly met by a configuration in which all hoops have a minor diameter of 

5 em . and are placed in nearly symmetric places relative to the corners of the 

vacuum vessel . The slight asymmetry was necessary to provide a degenerate null . 

It was found that very small ( � 1 mm .) displacements of a hoop caused the nulls to 

separate by several em . ,  and so close tolerances in the original construction and 

some degree of adjustability were considered ess ential . The final dimensions decided 

upon were as follows: 
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All dimensions are in cm., and the device is symmetric about the horizontal midplane. The 

nominal vertical hoop positions are �l = 5.24 cm and �2 = 5.00 cm, and each hoop is ver-

tically adjustable ±0.5 cm about its nominal position. The poloidal magnetic flux plot 

is shown in figure 7, and the contours of constant magnetic field (normalized to 1.0 at 

the outside wall midplane) are shown in figure 8. The field strength on the midplane and 

midcylinder are plotted in figure 9. The quantity f �� 
is plotted as a function of � 

in figure 10. The other parameters for this configuration are given under the "Case 10" 

column of table III for a total flux of 0.15 webers which is about the sauration flux for 

the iron core with reverse biasing. Also shown in table III are the results of moving the 

hoops ±0.5 cm vertically in various combinations (Cases 12, 15, 16, and 17). Finally, 

Table III lists Case 11, which is a variation of Case 10 in which the walls have been 

recessed 1 cm and the hoops reduced in radius by 0.75 cm to simulate a reasonable amount 

of soak-in corresponding roughly to the peak of a 9.2 msec half sine wave poloidal field. 

The ratio of skin depths, 3:4, was chosen as appropriate for hoops made of a copper alloy 

with 1.13% chromium, called Ampcoloy 97, which has a yield strength of 43,000 psi 

at 0.5% elongation, and a conductivity of 78% lACS. For this 
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TABLE III. 

CHARACTERISTICS OF TOKAPOLE II IN OCTUPOLE MODE 

QUANTITY UNITS CASE CASE CASE CASE CASE CASE 
10 12 15 18 19 11 

.Q, cm . 5 . 24 4 . 7 4 4 . 7 4 5 . 7 4  5 . 7 4  5 . 24  
1 

.Q, cm . 5 . 00 5 . 50 4 . 50 5 . 50 4 . 50 5 . 00 
2 

Flux webers 0 . 15 0 . 15 0 . 15 0 . 15 0 . 15 0 . 15 

CURRENT 

Inner wall k.A 241 237 237 245 245 180 

Outer wall k.A 115 117 113 117 114 85 

Lid k.A 165 169 179  153 162 122 

Inner hoop k.A 2 2 4  230 230 218  218 167  

Outer hoop k.A 121 118 125 118 125 90 

Total k.A 686  6 9 2  707 6 6 7  683 509 

Inductance llH 0 . 2 19 0 . 217 0 . 2 12 0 . 2 2 5  0 . 220 0 . 295 

HOOP FORCE 

Inner 1b 20653 24368 24280 17 6 6 8  17588 11111 

Outer 1b 7 19 4  6203 8385 6193 8416  6931 

B - MP/OW k G 2 . 01 2 . 12 1 . 90 2 . l3 1 . 9 2 1 . 69 

MAX k G 2 4 . 3  24 . 8  2 4 . 8  24 . 0  24 . 0  17 . 1  

1jJ- Separatrix Dory 5 . 04 5 . 00 5 . 24  4 . 85 4 . 9 6 5 . 47  

1jJ-Critica1 Dory 8 . 23 8 . 19 8 . 40 8 . 02 8 . 2 7 8 . 01 

Field Energy kJ 51 . 5  52 . 0  53 . 0  50 . 1  51 . 3  38 . 2  

Null Error cm '2 . 0  8 . 4  3 . 3  3 . 0  8 . 3  3 . 4  

I 
'- --y 

.J 
t 

DESIGN HOOPS DISPLACED VERTICALLY SOAK-IN 
CASE 

±0 . 5  CM. 
CASE 
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cas e �20% of the flux is los t  in the hoops and �12% is los t in the walls. More 

detailed soak-in calculations are under way us ing program SOAK (PLP 471). 

In another series of runs , TORMESH was modified to s tudy the effec t  of toroidal 

plasma currents on the poloidal flux plot by solving the equation 

= 

where the toroidal current dens i tyjtwas as sumed to vary as l/R over the entire 

cro s s-s ec t ion (including the interior of the hoops) . Tab le IV g ives the results 

for various magnitudes of to tal toroidal plasma current for a hoop configuration as 

in Case 10. For these runs , the t otal flux was held cons tant ( 0. 15  web ers) , and the 

s ep aratrix was defined as the minimum value of � (in dories , where 1 dory is the total 

flux /lO) , along the horizontal midplane. For all these cas es the plasma current flows 

toro idally in the same direction as the hoop currents , excep t for cas e 10F in which 

i t  flows opposite to the hoop currents. 

The plasma current for all cases in Tab le IV is g iven to  wi thin �ls% by 

I 10 ( I 1 -
<P /L) p 5.04 t o ta 

where <P is the total flux (whi ch can be determined from the poloidal gap voltage VPG 
by jVpGdt)  and L is the unperturbed induc tance (0. 219 �hy) . This relation is reasonably 

accurate even when the p lasma current is g reater than the hoop current and despite 

the fac t  that the current is dis tributed over the cross-s ection rather than being 

concentrated near the minor axis. Note also that the total hoop current decreas es 

(or increas es) by about O. sA for every amp that flows in the plasma. These observa-

tions lend considerable credence to our method of measuring plasma current us ing the 

above equation. (See PLP 712) 
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TABLE IV. 

CHARACTERISTICS OF TOKAPOLE II FOR VARIOUS PLASMA CURRENTS 

UNITS CASE CASE CASE CASE CASE CASE 
10 lOB 10C 10D IDE 10F 

web ers 0.15 0.15 0.15 0.15 0.15 0.15 

kA 0 100 200 500 1000 -500 
kA 2 4 1  2 6 2  2 83 345 449 147 
kA 115 125  135  164  213 7 2  
kA 165 17 8 192  23 2  3 0 0  102 
kA 2 2 4  211  19 8 160 133 2 8 7  
kA 121 114 106 83 7 2  160 
kA 686  7 4 3  8 0 1  9 7 3  1 2 6 2  423  

]lH 0.2 19 0.202  0.187  0.154 0.119 0.3 5 5  

1b 206 5 3  2 1 9 6 9  2 2 9 4 2  23409 17 7 00 8547  
1b 7 19 4  7 5 7 4  7769 7 189 2 6 2 2  2 4 4 8  

kG 2.01 2.52 3.03 4.57 7.12 0.54 
kG 24.3 2 3.9 2 3.4 2 2.0 19.6 2 6.7 

Dory 5.04 3.67 2.2 4 -1.83 -8.70 1 1.9 2 

Dory 8.23 7.87 7.49 

kJ 5 1.5 5 5.8 6 0.0 7 2  .9 9 4.8 3 1.8 

cm <2.0 6.9 9.7 14.4 16.0 17.4 



IV. POLOIDAL FIELD PRIMARY AND CONTINUITY WINDINGS 

An 80:1 turns ratio was chosen for the po1oidal field because it was desired 

to get a slightly higher voltage/turn than was allowed by the 120:1 turns ratio of 

Tokapole I while keeping the poloidal field duration at least as long as the 10 msec 

half period of Tokapo1e I. It was also desired to have the capability of reducing 

the turns ratio to 40:1 to raise the secondary voltage to 125 volts with a period 

half as long. The po1oidal field primary was to be wound in four sections, one on 

each leg of the iron core. In order to reduce any poloidal wall currents at the 

po1oidal gap which would produce field errors, the number of turns on each leg was 

adjusted to be proportional to the current in the wall of the toroid nearest that 

leg as follows: 

CURRENT TURNS REQUIRED ROUNDED 

inner wall 241.1 kA 28.12 27 

outer wall 115.3 kA 13.45 13 

top 164.7 kA 19.21 20 

bottom 164.7 kA 19.21 20 

total 685.8 kA 80 .0 0 80 

Since the number of turns must be an integer, the required number was rounded off. 

Twenty turns were put on the top and bottom despite the fact that 19 would have been 

a closer approximation because it simplified the task of allowing a 40 and an 80 

turn connection. With the above arrangement, two connections are possible as shown 

below: 
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The error introduced by the rounding off amounts to about 4%. 

In addition, the turns along each leg were wound with a density proportional 

to the surface current density at each point along the wall. The surface current 

density was determined from fBdt where B(t) along each wall is given in figure1l. 

The optimum placement of the primary turns is given in Table r!J . in terms of distance 

from the midplane or midcy1inder. The closest winding spacing is about 1 cm. /turn, 

and so for a single layer winding, the largest wire size that could be used is AWe 

Size 2. The wire chosen for the primary is stranded (133 strands), tinned copper, 

with silicone rubber insulation rated for 600V and 1800 C. , with a nominal OD of 

0.455". Since this OD is slightly greater than the minimum turn spacing (0.390") it 

was necessary to deviate slightly from the placement indicated in table V. A sample 

of the wire survived a 1 hour bake in an oven at 2600 C. with no ill effects. 

Note that the winding distribution was optimized for the Case 10 octupo1e, and 

so it will not be quite correct if the hoops are displaced from their nominal 

positions, or if the field soaks into the hoops and walls, or if a toroidal current 

flows in the plasma. In the limit of I » L  and distributed with a current 
plasma 'hoops 

density j
T 

� l/R over the whole cross section, the optimum turns ratio on the four 

legs of the transformer would be 30. 8 : 18. 6 : 18. 6 : 12. 0, which differs by �12% 

from the chosen distribution in the worst case. 
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TABLE V. 

POSITION OF POLOIDAL FIELD W INDINGS 

INNER WALL OUTER �JALL TOP AND BOTTOM 

Optimum Actual Optimum Actual Optimum Actual 

1 -19 . 57 em -7 . 705" -18 . 57 em -7 .311" -19 .68 em -7 . 748" 

2 -17 . 72 -7 . 032" -15 . 75 -6 . 201" -17 .60 -6 . 929" 

3 -16 .39 -6 . 582" -l3 . 64 -5 .376" -16 . 33 -6 . 475" 

4 -15 . 30 -6 . l32" -11 . 47 -4 . 516" -15 . 20 -6 . 025" 

5 -14 . 28 -5 . 682" - 8 .83 -2 . 476" -14 .16 -5 . 575" 

6 -l3 . 29 -5 . 232" - 5 . 12 -2 . 016" -13 .08 -5 . 125" 

7 -12 . 27 -4 . 783" 0 . 00 0 . 00 -11 . 94 -4 .675" 

8 -11 . 19 -4 . 332" 5 .12 2 .016" -10 .69 -4 . 209" 

9 -10 . 01 -3 . 882" 8 . 83 3 . 476" - 9 .22 -3 .630" 

10 - 8 . 64 -3 . 402" 11 . 47 4 .516" - 7 . 40 -2 . 913" 

11 - 7 . 04 -2 . 772" 13 .64 5 . 376" - 4 . 95 -1 . 949" 

12 - 5 . 10 -2 . 008" 15 . 75 6 . 201" - 1 .86 - . 732" 

l3 - 2 . 70 -1 . 063" 18 . 57 7 .311" 1 . 90 . 748" 

14 0 . 00 0 . 00" 5 . 56 2 . 189" 

15 2 . 70 1 . 063" 8 . 52 3 . 354" 

16 5 . 10 2 . 008" 10 . 80 4 . 252" 

17 7 . 04 2 . 772" 12 . 71 5 . 004" 

18 8 . 64 3 . 402" 14 . 49 5 . 705" 

19 10 . 01 3 . 882" 16 . 41 6 .461" 

20 11 . 19 4 . 332" 19 . 12 7 . 528" 

21 12 . 27 4.783" 

22 l3 . 29 5 . 232" 

23 14 . 28 5 . 682" 

24 15 . 30 6 . 132" 

25 16 . 39 6 . 582" 

26 17 . 72 7 . 032" 

27 19 . 57 7 . 705" 
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For continuity winding s  of reasonab le thickness (say < 1/2" ) ,  the skin dep th 

is g reater than the thickness , and s o  they look like resis tors rather than inductors. 

Since the same voltag e  appears everywhere along the poloidal gap , it  is des irable 

to tailor the wind ing res is tance per unit leng th along the g ap invers ely with the 

des ired current dens ity. To do this properly would have required a very fancy 

machining operation which would prob ab ly not be warranted by the improvement ob tained. 

However , some attemp t to match the wall currents was made by arrang ing the thi ckness 

of the f our continuity windings in invers e propo rtion to the current in the res­

pective wall , 115 : 165 : 165  : 2 24. A ratio of 4 : 3 : 3 : 2 sat isf ies this to 

within �8% and so the continuity windings were designed us ing copper ( for  high con­

ductivity )  with a 1 / 4" thicknes s on the inner wall ( the maximum thickness that could 

be eas ily bent to the des ired radius ) ,  a 3 /16" thickness on the top and bottom and a 

1 / 8" thickness on the ou ter wall. 
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V. POLO IDAL FIELD ENERGY LOSSES 

As shown previously, about 50 kJ of energy is required in the magnetic field 

for a total flux of 0.15 webers. In order to have some margin for losses, we will 

start by assuming a 90 kJ capacitor bank (30 - 240 �F, 5 kV capacitors) . Ignoring 

soak-in, the 40 and 80 turn primary connections give half periods of 5 and 10 msec 

respectively. Extrapolating from the soak-in Case 11 of Table I I I  the half periods 

are estimated to be about 5. 5 and 12 msec, respectively. (The Case 11 flux plot is 

assumed to be correct at the peak of a 9. 2 msec half sine wave. ) The corresponding 

secondary inductances are estimated to be 0. 264 and 0. 318 �hy respectively. This is 
r . 

of course, an oversimplification, since the inductance actually rises during the 

pulse as the field soaks into the walls and hoops. The energy loss at peak field in 

the transmission line, primary, continuity windings, walls, and hoops will now be 

estimated for each of the two periods. The energy losses will be normalized against 

the energy stored in the field at the time of peak field. 

A. Transmission line: The transmission line is assumed to consist of a twisted 

pair of 40' long #2 wires and is represented as a resistance of 0. 013Q in series with 

the primary LC circuit. The energy loss at peak field is given by 

LlU = 1 I 2 = -zr, RT, 

where T is the half period and 10 is the peak primary current. But the stored energy is 

where N is the turns ratio and L is the secondary inductance. 

Then 
RT 

= 

2N2L 
= . { 

8. 46% for T = 5. 5 msec. 

3. 83% for T = 12 msec. 
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B. Primary windings: The primary is assumed to cons is t of 2 - 192' leng ths 

of #2 wire which are connected either in parallel or in s eries, depending on the 

des ired field period . For the parallel connection, R = 0.0156Q and for the series 

connection, R = 0.0624Q. Then 

liU 
U 

RT 
2N2L 

10.16% for T 

{ 18.40% for T 

5.5 msec . 

12 msec . 

c. Continuity windings: If the continui ty windings are as sumed to be thin 

compared with the skin dep th and if the current is as sumed to be distributed along 

the windings in the same way that i t  is dis tributed in the walls, then the energy 

lost in a winding is g iven by 

where F is a form factor g iven in terms of the wall current dens ity jo(�) by 

F 

Integrat ion of the B(�) in f igure l�leads to the result that F _ 1.25 for all 

cont inui ty windings . Then 

L:iU 
U 

= 
1. 25RTI

o 
2 

2LI 2 
o total 

0.625 
RT 102 

LI 2 
o total 

As suming each continui ty winding t o  be 141 cm long by 44 cm wide, the res is tance 

for the three thicknesses are 

8.61lQ for 1/4" thick 
R = { 11.4]JQ for 3/16" thick 

l7.2]JQ for 1/8" thick 

The corresp onding values of L:iU/U are: 

inner winding (1/4") 

lid winding (3/16") 

outer winding (1/8") 

5.5 msec 

1.38% 

0.86% 

0.63% 

12 msec 

2.50% 

1.56% 

1.15% 
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D. Walls: The energy los ses in the walls are calculated the same way as in 

the cont inuity windings excep t the leng ths are d ifferen t and the curren t is 

as sumed to flow in a thickness  equal to a skin dep th. The skin dep th is taken 

as 1.03 cm for the 5.5 msec pulse and 1.52 em for the 12 msec pulse. The 

resulting values for 6U/U are g iven by: 

inner wall 

lid 

outer wall 

5.5 msec 

1.06% 

0.89%  

0.63% 

12 msec 

1.30% 

1.09% 

0.7 7 %  

E. Hoops: The energy losses in the hoops are calculated in a fashion 

s im ilar to that used for the walls. The ac res is tance of the hoops was taken as 

20.6 1 �Q/meter at 90.9 Hz (5.5 msec half-period) and 14.9 2 �Q/me ter at 41.7 Hz 

(12 msec half period) and the form factor F was taken as 1.06 . Then the relative 

energy loss in each hoop is: 

inner hoop 

outer hoop 

5.5 msec 

5.45% 

2 .8 7 %  

12 msec 

7 .14% 

3.7 6%  

The energy los ses in each component of the sys tem are summarized in table VI. 

The result is that, of the 90 kJ in the bank, abou t 60 kJ ends up s tored in field 

in the machine, which is a comfortable marg in above the -50 kJ required for a flux 

of 0.15 webers. Other los ses such as in the ignitron, iron core, and in contact 

resis tance at the various electrical joints and energy s tored in the core and in 

leakage fields may use up mos t of the d ifference. 



TABLE V I. 

SUMMARY OF POLOIDAL FIELD ENERGY LOSSES 

5 .5 msec 12 msec 

!J.uju (% ) !J.U(kJ) !J.uju (% ) !J.U(kJ) 

transmis s ion l ine 8.46 5.34 3.83 2.22 

primary 10.16 6.42 18.40 10.68 

inner cont inu i ty winding 1.38 0 .87 2.50 1.45 

top continu i ty wind ing 0 .86 0.54 1.56 0 .91 

bot tom cont inuity winding 0 .86 0 .54 1.56 0.91 

ou ter cont inu i ty winding 0 .63 0 .40 1.15 0 .67 

inner wall 1.06 0 .67 1.30 0.75 

top wall 0 .89 0.56 1.0 9 0 .63 

bo ttom wall 0 .89 0 .56 1.09 0 .63 

ou ter wall 0 .63 0 .40 0 .77 0 .45 

Dr hoop 5.45 3.44 7.14 4.14 

LI hoop 5.45 3.44 7.14 4.14 

UO hoop 2.87 1.81 3.76 2.18 

LO hoop 2.87 1.81 3.76 2.18 

to tal loss 42.46 26.82 55.05 31.95 

energy ava ilable 142.46 90.0 0 155.05 90.0 0  

energy s tored in f ield 100 .0 0  63.18 100 .0 0  58.0 5 
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For some purposes it is useful to represent the primary circuit as a series 

RLC, realizing that both L and R actually change somewhat during the pulse. The 

parameters for such a representation are given below. 

"7200 
MF 

O.06S.n.. 

5.5 msec half-period 

7200 
),.tF 

O. I S1..n.. 

12 msec half-period 

'2.035 
pH 

The L/R time for the two cases are 6.5 and 10.9 msec, and so we would not 

expect to gain a great deal by use of a passive crowbar. A power crowbar would 

need 1.1 or 1.6 kV respectively at peak field to overcome the losses for the two 

winding configurations. The electrical Q for the two cases are 3.73 and 2.84. 

The reverse swing of the voltage should leave the capacitors charged to 3.27 kV 

and 2.85 kV respectively for an initial charge of -5 kV. 

In order to maintain a po10ida1 gap voltage of say 10 volts (�5 vo1t�/turn at 

the separatrix), a power crowbar of 760 volts would be required with the 40:1 turns 

ratio, neglecting energy dissipated by ohmic heating of the plasma. For an RC decay 

time of 20 msec, a capacitance of �300,000 �F (�90 kJ) would be required. Of course 

the iron core will saturate after a time t given by 10 V
PG 

dt ;;; 0.15 volt-sec. 

The most severe heating problem is expected to occur at the inner hoop. 

Assuming �U = 3.44 kJ/pu1se/hoop and no heat losses, the temperature rise is given by 

�T = 

where M = hoop mass = 39.14 kg 

�u 
MC 

and C = heat capacity;;; 389 J/kg/oC. 



15. 

For the above numbers, we predict �.226° C. rise per pulse. After ten 

hours of operation at 1 pulse/minute at full amplitude, the inner hoops would be 

at �1500 C., if we ignore heat loss by radiation and by conduction along the 

hangers. Such a rise is acceptable, but not so small as to relieve us of all concern. 

Complete data on the performance of metals at high temperature are not avail­

able. However, since all three important structural metals in Tokapole II (606l-T6 

aluminum, Berylco 25 HT beryllium copper, and Ampcoloy 97 chromium copper) are 

strengthened by precipitation heat treatment, it seems logical that a general idea of 

high temperature performance can be inferred from the partial data available for each. 

Mark's Standard Handbook for Mechanical Engineers (7th Ed., McGraw-Hill, 1967, 

pg. 690) lists 606l-T6 aluminum as having a tensile strength of 45 Kpsi at 750 F. 

(24° C.); at 3000 F. (1490 C.) it drops to 31 Kpsi, about 31%. At 400° F. (205° C.) 

it further drops to 19 Kpsi (5S%) and at 5000 F. (260° C.) it drops to 7.5 Kpsi (83%). 

Now the usual precipitation heat treating temperature for 606l-T6 is (ibid. Mark's, 

pg. 6-91) 315-325° F. (157-163° C.) so it is apparent that severe loss of strength 

occurs around that temperature. Heat treating temperature for Berylco 25 is 600° F. 

(316° C.) (PLP 137) and for Ampcoloy 97 (Standards Handbook Alloy Data 12, Copper 

Development Assoc. 1973), it is SOO-930° F. (425-500° C.). 

Graphs in PLP 137 (Fig. 4) provided by the Beryllium Corporation, show that 

permanent reduction in strength is not achieved for Berylco 25 until the precipita­

tion heat treating temperature is reached. At that point strength deteriorates rather 

sharply with additional time and temperature. The solution heat treatment tempera­

tures are somewhat immaterial since they require a rapid quench to return the mater­

ial to the annealed state. For the sake of completeness they are: 606l-T6, 960-

9S0° F.; Berylco 25, 1425-1475° F.; and Ampcoloy 97, lSOO-1850° F. 
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The final hoops as delivered from Ampco were only guaranteed at a tensile 

strength of 60 Kpsi. Since we calculated stresses of around 50 Kpsi (pg. 24�25), 

a >20% reduction in strength could be disastrous. On the admittedly wild suppo­

sition that Ampco10y 97 behaves like 6061-T6 and that up to the heat treating temp­

erature the loss of strength is linear with temperature, the danger point might be 

about 5000 F. (2600 C.). For the hangers, the critical temperature is probably 

around 3000 F. (1490 C.). 
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VI. HOOP AND HANGER DESIGN 

The hoops are driven by the pressure of the magnetic field toward the minor 

axis as shown below . 

y Hoop 

x 

This force can be resolved into two components: an X axis force that is balanced 

by the hoops themselves (inner hoops in tension, outer hoops in compression) and a Y 

axis force that must be balanced by the hangers . Soak-in flux plot calculations show 

that the largest forces occur during the 5 . 5  msec . pulse and that the net Y axis magni-

tude is 12, 4 9 6  1bs . on the inner hoops, and 7 , 9 33 1bs . on the outer hoops . 

This force results in energy being stored in the springiness of the hoops and 

hangers . This energy is released in a rebounding of the hoop-hanger system . The forces 

on this system can exceed the applied force by as much as a factor of 1 . 7  (Morin, PLP 30), 

depending on the ratio of the frequency of mechanical resonance to the frequency of 

the applied force . Rather than attempting to calculate all the frequencies of all the 
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modes of mechanical resonance f or the sys tem , a f actor of 1. 7 was uniformly applied . 

Hopefully , this results in a reasonab ly conservat ive safety factor in the des ign . 

The hangers may fail either in tension or by buckling on the rebound . It can 

be shown (Morin , PLP 30 ) that the g reates t s tress results from yield buckling , a mode 

where th e hang er is subj ect to s imultaneous compress ion and bending due to an offset 

in the applied force . 

F 
Y 

F y 
d 
cr 
s 

= 

1 + 6s 
d 

f orce at 
diameter 

yield buckling 
of hanger 

yield s tress of material 
offset of force 

F in the above equat ion mus t  be kep t les s than the actual force on the hang er . The y 
actual force is  calculated by divid ing the net force on a hoop by three , s ince there 

are three h ang ers per hoop , and mul t iplying by 1. 7 for resonance . For the 5. 5 msec . 

case , this r esults in a force of  7 , 081  lb s . for each inner hang er and 4 , 4 9 5  lbs . for 

each outer hang er . s was set at 0. 0 2" s ince this is the machine tolerance and cr was 

165 , 000 p s i , the yield of Berylco 2 5  HT , the hang er material . This is a b eryllium-

copper alloy that is precip itation-hardened ( 2  hr @ 6000 F. ) af ter machining . 

The results of calculations us ing this formul a  and allowing an add itional 1. 1 

saf ety marg in to take into account stress rais ers , was a diameter of 0. 295" for the 

inner hang ers and 0. 245" for the outer hang ers . These d imensions g ive a to tal hang er 

area expos ed to the plasma of 133 cm2 , which is s l igh tly smaller than the 144 cm2 in 

the old octupole . 

The hangers must b e  mounted in the hoops by s ome method . The cri teria for this 

method were ( 1 )  s treng th , ( 2 )  minimum proj ection into the plasma , and ( 3 )  minimum area 

in the hoop to minimize f ield errors and power los s . Af ter cons idering many schemes , 
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the b es t  s eemed to b e  threading the hangers into the hoop with a pressed-in p in 

inserted to keep them from loos ening . In addi tion , the area around the f irs t f ew 

threads on the hoop was relieved to allow those threads to s tretch and more evenly 

dis tribute the force . This s cheme evolved during tes t ing of the lates t hang ers in the 

little octupole and worked nicely to avoid a larg e s tress rais er at the junct ion of 

the threaded hang er and the holding nu t .  R. E.  Peterson , in an article in Machine 

Design (Mar ch 195 1 )  conf irms tha t  a large s tress rais er exis ts in the end thread of 

a t ens ile loaded threaded memb er . The des ign appears below .  

The thread s treng th calculations were done by the method of the "Machinery's 

Handboo�' ( Indus trial Press , 1976 , 20 th Ed . ) , p .  1169 : 

F oAt 

F = force at yield 
a t ensile yield of material 

At t ens ile area from thread tab les 

The minimum eng agement leng th is g iven by : 

L = 
e 

L = 
e 

Kn = 

Es = 

n = 

7TKn (!z 

2At 
+ n ( Es . ml.n - Kn ) max max tan 600 

leng th of engagement 
minor diameter of internal 
pitch diameter of ex ternal 
threads per inch 

thread 
thread 
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where the maximum and minimum values are taken from tables d escrib ing the clas s of f it . 

The hoop and hang er will b e  made from diff erent materials, so  a correction 

mus t b e  made to account for the different tensile strengths. 

where 

Q l eng th needed 
JLe 

J 

E n 
D s 
An 

As 

Asa 
= ext 

A a n int 

a ext 

a .  lnt 

tens ile strength of material of 
external thread 
t ens ile s treng th of material of internal 
thread 

pitch diameter of internal thread 
major diameter of external thread 

shear area of internal thread = nnLeDSmin� + 

shear area of ex ternal thread = nnLeKnmax[! + 

Us ing 120 , 000 psi as a for  Berylco 2 5  to r emain in the Hookian reg ion of the 

stres s-s train curve, the m inimum tensile areas are 0.059 in2 for the inner hang ers and 

0.038 in.2 for the outer hang ers . In order to minimize s tres s raisers as well as to 

insure suff icient thread s tr ength, the threads chos en are nearly twice as s trong . 

A 7 /16-2 8 , class 3 thr ead (At = .127 in . 2 ) was chos en f o r  the inner hang ers and a 

5 / 16- 2 8 , class 3 thread (At = 0.06 1  in . 2 f or the outer hangers. Us ing 120 , 000 psi 

for  a (Berylco 2 5  hang er )  and 65 , 000 ps i for a. (Arupcoloy 97 , a chromium-copper ext lnt 
alloy hoop ) results in Q = 0.487" for the inner hang ers and Q = 0.3 25" f or the outer 

hang ers . The actual thread engagement in both cases  will b e  about 3 /4" , s o  we have 

a g ood s af ety marg in . 
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The top adj us t ing thread o f  b o th hang ers was maintained t o  a 7 / 16 "  d ia . l ike the pre-

v ious o c tupole hang ers , but the thr eading was increased to 2 8  threads per inch for 

f iner adj us tment of hoop position . The detailed hang er des ign is shown in f ig . 12 . 

Since the hoops are suppor ted in only three places , the force on them is converted 

to s train energy in shear , b ending , and torque . The relative magnitudes of thes e  

energ ies depend on the nature of  th e supports and the shape of the hoop . For example , 

if the supports res ist rolling and tIle chord between supports is a larg e fraction of 

the maj or hoop d iameter , cons iderab le energy is s tored in torque . P rob lems of this 

sort  can be solved us ing Cas t ig liano ' s  theorems ( s train energy and leas t work) . Roark 

and Young in " Formulas f or Stres s and Strain" (McGraw-Hill 19 7 5 , 5 th ed . )  g ive solu-

t ions to many s imilar cas es , and it was their methods that were us ed . 

In order to use these procedures , one mus t  s elect a des crip tion of the method 

of  suppor t .  Our hangers don ' t  seem to f i t  neatly into any of the categ ories . However , 

for clos ed r ing s , uniformly load ed , Roark (p . 281)  sugges ts a comb ination of s imple 

support with s lope guidance . This is a condition of zero torque and requires the hoop 

to be free to  roll at the supports . Of course our hang ers resist  roll , but later calcu-

lat ions of the roll ang le W show it to be small , resulting in a small force on hang er 
a 

and hoop , j u s tifying our as sumpt ion . 

Roark ' s method requires the calculation of many cons tants and the subs equent us e 

of them in rather complex f ormulae . Rather than reproduce what is availab le by re-

ferring to h is book , the values calculated for those  cons tants and the condens ed 

formulae obtained by their application are lis ted b elow .  

The s econd moment of area I '  ( commonly called the moment of inert ia)  was calcu-

lated for the hoop s ec t ion with the hang er hole in it by the s tandard method of sub -

tracting the moment o f  the h o l e  f rom the moment of the hoop area . A correction was also 



22. 

applied for  the extreme f iber dis tance , c .  The whole section , s econd moment I1 

was us ed in the calculation of the orig inal constants . 
a X I S  

hoo p 

C r'O $ S  5eC+;o Yt 

CONSTANTS 

C
l . 207 C

9 
= - 2 . 085 I (whole s ection) . 73 6  

C
2 2 . 085 Cal3 . 475 K (whole section) 1 . 473 

C
3 

= . 63 6  Ca16 . 63 6  G (Ampcoly 97 ) 7 . 2  x 10 6 

C
4 1 . 063  Ca19 1 . 293 E (Ampcoly 97) . 1 . 7  X 10 7 

C
5 

= 1 . 977 ¢ 2 . 094 

C
6 . 207 e 0 

C
7 1 . 977 S = 1 . 18 

C
8 1 . 219 
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w W 
21TR W = to tal load on hoop 

V a ( shear moment)  1 . 08 wR 

M (bending moment ) a 
M 

0b ending 
a 

I ' /e 

I '  

c = 

- . 45 2  wR2 

r = . 9 84" 

c. 1nner 
c ou ter 

. 9 43 

. 9 59 

I'  
c = . 5 9 1  inner, . 6 2 3  outer 

�a (deflection ang le )  = 

° . tens 10n 

T shear 

= 
W 

1Tr2 - rd 

V a 
1Tr2 - rd 

wR3 
- . 07 8 7  El ' 

d. = . 43 7 5",  I ' . = . 585 1nner 1nner 
d = . 3 12 5" ,  I '  . 5 9 7  outer outer 

The holes for mounting the hang ers create s tress raisers in the hoop, and so 

it is impor tant to es timate the increas ed magnitude of the s tres s . Roark g ives 

theoretical formulae, but similar data are available in g raphic form in both " The 

Handbook of S tress and Streng th" (Lipson and Juvinall, Macmillan, 19 63 ) and a series 

of articles in Machine Design (February through July, 19 5 1, by R .  E .  P eterson) . 

Review of the literature indicates that precise answers  are dif f icult to come by, 

due to variations in materials, rate of s train, etc . Cons equently the g raphical method 

was chos en as b eing the eas ies t .  
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In order to u t i l i z e  the s e  methods , the hole in th e hoop was as sumed to cont inue 

all the way thr ough th e hoop and to b e  emp ty .  Clearly th is is a wors t-cas e  assump-

t ion , s ince s t reng th is g ained both on the undril led s e c t ion of the hoop and the 

hang er material in th e hole . 

Bas ically , the method cons i s t s  of calculat ing a nominal s tress bas ed on the 

e f f e c t ive cross-s ect ion and then consu lt ing th e app ropriate tab le to f ind the th eo-

ret ical s tress concentrat ion factor K
t 

based on the ratio of the hole s i z e  to hoop 

minor d iameter . K
t 

is only the approp riate factor for comp letely non-ductile mater ials 

and mu s t  be mod ified by an ind ex of s ens i t iv i ty , � (Machinery 's Handbook , p .  361)  to 

arr ive at th e ac tual s t ress concentration K. A q of . 2  was cho s en as f airly cons er-

vat ive . The Ks f or the inner hoops were us ed f o r  th e outer hoops als o . While they 

would b e  s l ightly smaller f or the ou ter hoop , th e accuracy of the calculation isn ' t  

chang ed s ignificantly s ince the Ks ar e approx imations to b eg in with . 

res onance factor Kr 1 . 7  

b ending s t ress concentrat ion f actor � 1 . 17 

t ens ile s tress concent rat ion f actor K 1 . 23 
e 

shear s tress concentrat ion factor K 1 . 20 

K = 1 + q ( k
t 

- 1)  

e = Ka 

s 

S ince the force vec tor acts at about a 45 ° diag onal in the machine , ano ther 

load ( t ens ile in th e inner hoop , compr e s s ive in the ou ter) equal to the load in the 

plane of th e hang ers is as sumed to ex is t .  The s tress due to th is load and the s tress 

due to the shear moment mus t  be comb ined with th e b ending s tres s to g e t  the actual 

s tress on the material . Roark g ives a f o rmula for b i ax ial s tress p lus shear . All 

s t res s es act ing along the s ame ax is were pr esumed to add : 
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T (combined shear) 
c 

a (combined stress) = 
c 

The results of these calculations are as follows : 

OUTER HOOP 

HALF PERIOD 

w 

Va 

Ma 

ab 
x 1{r 
x gb 

A 

ab 
1/J

a 
at 

x Kr 

x Ke 

a t 
T 

x Kr 

X Ks  

T 

T 
c 

a c 

INNER HOOP 

HALF PERIOD 

w 

R = 25 . 394 " 

5 . 5 msec . 

49 . 7  1b . /in . 

l363 

-14 , 490 

-22, 080 ps i 

1 . 7  

1 . 17 

-43, 9 20 psi 

- 5 . 9 x 10
- 3 

2 , 901 ps i 

1 . 7 

1 . 23 

6 , 06 6  psi 

4 9 9  ps i 

1 . 7  

1 . 2  

1, 017 ps i 

2 5, 010 psi 

50, 010 ps i 

R = 14 . 070" 

5 . 5 msec . 

141 . 4 1b . /in . 

2 , 148 

-12, 6 50 

-20, 310 psi 

+ T 
c 

1 2  msec . 

39 . 5  lb . l in .  

1083 

-11, 510 

-17, 550 ps i 

1 . 7  

1 . 17 

-34 , 9 10 psi 

-4 . 7  x 10
-3 

2, 308 ps i 

1 . 7  

1 . 2 3 

4, 8 2 7  ps i 

396 ps i 

1 . 7  

1 . 2  

808 ps i 

19, 880 ps i 

39, 850 ps i 

1 2  msec . 

115 . 3 1b . /in . 

1, 7 52 

-10, 3 10 

-16, 550 ps i 
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HALF PERIOD 5 . 5 msec . 1 2  ms ec . 

x Kr 1.7 1.7 

x Kb  1.17 1.17 
A 

ab 
-40 , 390 psi -32 , 910 psi 

l/Ja 
-3.1 x 10

-3 -2.5 X 10
- 3 

A 

at 
4 , 785 psi 3 , 903 psi 

X Kr  1.7 1.7 

X Ke  1.23 1.23 
A 

a 10, 010 psi 8 , 16 0  psi 
t 

T 823 psi 671 

x Kr 1.7 1.7 

X Ks  1.2 1.2 
A 

T 1 , 6 78 psi 1 , 369 psi 

T 25 , 260 psi 20, 580 psi 
c 

a 50, 46 0  psi 41 , 120 psi 
c 

Therefore we find ours elves slightly above the 43, 000 psi yield _ 

of Ampc'Oloy 97 . Care will have to be taken to insure that the hang ers are snug ly 

mounted in their holes to prevent any pounding, that the hoops are correctly 

positioned, and that the machine is not pulsed at high field while the hoops are 

hot from a bake-out. Fatigue might be a problem since we have s o  much periodic s tres s ,  

but we won ' t  be running at maximum field mos t  o f  the time, and g iven our usual 

usage it will be a couple of years before that sort of problem should show up, if 

at all. While not a conservative design by the s tandards of bridge or building 

cons truction, we have provided sufficient safety margin for our application. 

The detailed design of the inner and outer hoops is shown in fig s .  13 and 14 , res-

pectively . 
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V I I .  TORO I DAL F I EL D  

Assuming 30 � 240�F 5kV capacitors are us ed f or the poloidal f ield , w e  will 

have 4 2  such capacitors lef t to energ ize the toroidal f ield . The s ing le turn 

inductance of the toroidal g ap (neg lecting the small amount of f lux excluded by 

the hoops ) is 

0 . 083 �hy . 

The leakag e induc tance is difficult to es timate , but in Tokapole I with a 48- turn 

winding and a 4 . 2  mse c  half-period with 24 capacitors , the total s ing le turn inductance 

is about twice the value calculated in the above manner . If we make the p es s imis tic 

as sump tion that Tokapole II will also have a coupling coefficient  of 0 . 5 ,  then the 

s ingle turn inductance is 0 . 16 6  �hy . 

The 3 0 °  port spacing allows 2 4  toroidal f ield winding s at equally spaced inter-

vals where the winding cross es the gap at the outer circumf erence of the lid . An 

accep table toroidal f ield coil would then have an integral multiple of 2 4  turns . The 

half-periods ob tainab le wi th 4 2  capacitors for various numbers of  turns are g iven 

below : 

N T (ms ec) 

24 3 . 08 

4 8  6 . 17 

7 2  9 . 2 5 

9 6  12 . 3 4 

The 9 6- turn case was chosen s ince i t  g ives a period comparab le to that of the poloidal 

f ield and s ince four turns will f i t  nicely in a s quare cross  section channel . Since it  

will  b e  eas ier to wind the coil in  two 4 8  turn s egments , we  might want the f lexib ility 

of operating th em  either in s eries ( 12 . 34 msec)  or  in parallel ( 6 . 17 ms ec) . The 

smaller turns ratio might als o be des irab le if we later wish to enlarge our capaci tor 

banks wi thou t  leng thening the p eriod . 
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The larges t channels that can conveniently f i t  b e tween ports will accomodate 

f our wires of  - 7 /8" diameter with insulation . For reasonable insulation , the larges t 

wire s ize is AWG 4 /0 . The wire chos en for the toroidal field winding is fine 

s tranded ( 2100 s trands o f  # 30 ) , copper , NE C  type f lexarr insulation , rated for 600V 

and 150 0 C .  with a nominal OD of 0 . 830" . A sample of the wire survived a 1 hour bake 

in an oven at 260 0 C. The total required winding leng th is �7 l0 f t . ,  and the dc 

res i s tance is 8 . 7  mQ f or the parallel connec t ion and 3 4 . 8  mQ for the series connec-

tion . Us ing the same formula as for the polo idal f ield winding , 

Lm 
U 

= = 
[ 7 . 0 2% for T = 6 . 17 msec 

14 . 04% for T = 1 2 . 34 ms ec , 

where U is the to tal magnetic energy including leakag e . 

The transmiss ion line is as sumed to cons i s t  o f  a twis ted pair of 40 ' long # 4/0 

wires and to have a dc res istance o f  3 . 9 2  mQ . The energy loss is 

t.U 
U 

= = 
[ 3 . 1 6% for T = 6 . 17 ms ec 

1 . 5 8% for T = 1 2 . 34 msec . 

In addi tion to thes e  loss es , there are losses produ ced by the currents that 

flow on b o th the ins ide and the outside o f  the vacuum vessel  and the currents that 

f low the short  way around each hoop . As in the case o f  poloidal field losses , these 

losses  can b e  es timated from 

t.U 
U 

= 
FRT 
2L 

The currents are assumed to flow over a skin depth which is taken as 1 . 0 9  em .  for the 

6 . 17 mse c  puls e  and 1 . 54 cm . for the 12 . 34 ms ec . puls e in 6061 aluminum and 0 . 81 7 5  em .  

for the 6 . 17 ms ec . pulse  and 1 . 15 5  cm . for the 12 . 34 mse c . pulse  in Ampc oloy 9 7  copper . 

F was taken as unity for the ins ide walls and hoops and for the outs ide of the inner 
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wall . The resistance (FR ) of the outside of the top, bottom , and outer walls was 

assumed the same as the outside of the inner wall despite the larger area because of 

the non-uniform current distribution . The results of the calculation are summarized 

in Table V II . Of the 126  kJ availab le from the capacitors, about 25 kJ is lost in 

resistances, about 50 kJ is stored in fields outside the tank, and about 50 kJ is 

s tored as field inside the vacuum vessel . 

The magnetic field on axis is given in terms of the field energy inside the 

toroid (Uo )  by 

= 

and is equal to 4 . 4  kG for 50 kJ of energy stored in the field . To produce this 

field, 1552 kA-turns are required . 

The electrical representation of the toroidal field primary circuit is shown 

below : 

, 008 0 
..AA F 

O . O�03.n. 

6 . 17 msec half-period 

1 0 0 80 
..MF' 

12 . 34 msec half-period 



transmis s ion line 
primary 
inside inner wall 
inside top wall 
inside bottom wall 
ins ide outer wal l 
outs ide inner wall 
outs ide top wall 
outs ide bottom wall 
outs ide outer wall 
UI hoop 
LI hoop 
UO hoop 
LO hoop 

total loss 

energy availab le 

f ield energy in-
s ide 

TAB L E  V I r .  

SUMMARY OF TORO I D AL FIELD E N E RGY LOSSES 

6 . 17 msec 

t:.u ju (% ) t:.u (kJ)  

3 . 16 3 . 42 
7 . 02 7 . 60 
0 . 72 0 . 78 
0 . 43 0 . 47 
0 . 43 0 . 47 
0 . 28 0 . 30 
0 . 81 0 . 8 8 
0 . 81 0 . 88 
0 . 81 0 . 88 
0 . 81 0 . 88 
0 . 34 0 . 37 
0 . 3 4 0 . 37 
0 . 19 0 . 21 
0 . 19 0 . 21 

16 . 34 17 . 70 

116 . 3 4 126 . 00 

50 . 00 54 . 15 

12. 34 msec 

t:.u /u (% ) t:.U (kJ)  

1 . 5 8 1 . 60 
14 . 04 14 . 21 

1 . 0 3 1 . 0 4 
0 . 6 2 0 . 63 
0 . 6 2 0 . 63 
0 . 40 0 . 40 
1 . 17 1 . 18 
1 . 17 1 . 18 
1 . 17 1 . 18 
1 . 17 1 . 18 
0 . 4 8 0 . 49 
0 . 4 8 0 . 49 
0 . 27 0 . 27 
0 . 27 0 . 27 

24 . 4 7 24 . 77 

124 . 47 126 . 00 

50 . 00 50 . 61 
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The L/R time for the two cas es is 18 . 8  and 24 . 9  ms ec . A power crowbar would need 

656  or 9 9 3  volts respectively at peak field to overcome the los ses for the two 

winding conf igurations . The electrical Q for the two cas es is 9 . 5 9  and 6 . 3 4 .  The 

reverse swing of the voltag e  should leave the capaci tors charged to 4 . 24 kV and 3 . 90 

kV respec tively for an init ial charge of -5 kV . It might be des irab le later to try 

to recover s ome of this energy to reduce the charging time . 

We will now estimat e  the force exerted per uni t leng th on each tie-down channel . 

Each channel is assumed to contain 4-7 / 8" diameter wires in a s quare array and the 

current is as sumed to be concentrated at the center of that array . The mutual at trac-

tion is ignored , and the repuls ion is as sumed to be caus ed by an identical current 

imaged about a p lane one skin dep th into the aluminum . The dis tance between the current 

and its imag e is calculated to be 6 . 6 25 cm . for the 6 . 17 ms ec . puls e and 7 . 5 25 cm . 

for the 12 . 3 4 msec . puls e .  For 155 2  kA in the tank , each channel carries 64 , 6 67  amps , 

and the for ce /uni t leng th is 7 6 . 5  lb / inch for the 6 . 17 ms ec puls e and 63 . 5  1b / inch 

for the 12 . 3 4 ms ec . puls e . Taking the wors t cas e and ex trapolating to an eventual 

10 kG on axis , the force is - 200 lbs /inch . Cons idering rebound , the pulsed force 

could be as much as 1 . 7  times higher or -340 lbs /inch . 

In order to  calculate the s treng th of the channels , f irs t the s econd moment of 

area I mus t  be determined . By the method of "Marks Standard Handbook for Mechani cal 

Eng ineers" ( 7 th ed . ,  McGraw-Hill , 19 6 7 ) : 

; " 
� i.  < , 

l' ---
, 

1 n eufV'Ct 1 
c� 

+ rA'I 1 6  
- -

� 
1 

c, 
" " 

d � 
(' b > t 

( B ) 
c.. V'o s s  sec +/ o  VJ 
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Bc  3 - bh 3 + ac 3 
I 1 2 

= 3 

C
l 

aH2 + bd 2 
2 ( ah + bd ) 

C
2 H - C 

1 

h = C - d 1 

For a 2 x 1 3 / 4  x 1 / 8" channel , 

a = 1 / 4  H = 1 3 /4 B = 2 b 1 3 / 4  d 1/8  

C
l 6 . 04 x 10- 1 

C
2 1 . 146 

h 4 . 7 9 x 10- 1 

I = 2 . 08 X 10- 1 

I/C
l = 3 . 45 x 10- 1 

Nex t  we apply the beam formula to get the b ending moment : 

w dis tributed load ( lbs . / in . ) 

M 
o 

I 
C 

beam span 

o = s tress 

I\j I80 
cw 

The channel is 6063-T52 aluminum , so  0 = 4 3 , 000  psi . If w = 340 lb . / in . , max 
then t = 18 . 6�' . Thi s  is the maximum allowab le dis tance between hold down bolts . 

There is also a shear s train at the held down s ection . To allow f or this and a 

s af e ty f actor , it s eems reasonab le to  leg islate a maximum of  'VlO" between hold downs . 

Some of the ends of the channels will b e  free ( i . e . , 

two supports , i t  will be a can tilever) .  In this cas e Mb 

rather than a beam with 
wS!,2 

2 so  our previous 

maximum needs to be d ivided by 2 , g iving a maximum exposed leng th of 'V5" . 
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T o  estimate the forces on the hold down studs we cons ider the cas e of a 

.�­
.-� 
. . - - ( . .. .,. .. -

) 

Suppose further that all the spans were maximum (Q, 1  = 5" , Q, 2 = 10" ) .  Another 

pair of s tuds supports half of the load on span Q,2 , so W = 
W;2 + WQ, l  = 3, 400 lb s . 

S ince there are two bolts , the load per bolt is �1, 700 lb s . If we us e 3 / 8-24 s tuds 

they have a tens ile area , A , of 0 . 088 in . 2 , and s o  
E 

cr 
W 
At 

= 19, 320 psi . 

A minimum yield s tress for s tainless s teel is about 30, 000 p s i , so we have 

a comf ortable safety marg in .  

By the same method as Sect ion IV ,  the thread eng ag ement leng th necess ary was 

f ound to b e  0 . 600" . Holes tapped 3/4" deep ought to have a decent saf ety marg in . 
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