
MAY BE USED ONLY IN, LHE 
READlNG ROOM 

'I 

by a u t h a r i t y  of.., 

Ccmtracl.\'1'(30-1) - 1238 with  t b  

U S  Atamic Energy Comniso isn  

P R I N C E T O N  U N I V E R S I T Y  

PRINCETON,  N E W  JERSEY 



A r i  



. ,  
I -  
s &. .. . . . . :  

nmant-Bupportbd entsrprlssd S i a e  i t  is 

planpied that Pro j e o t  Matterhorn w f Y l  devote 

dekble  effort  to .analysis of t;ha 

LhP@ paper is being dupllcatsd end diatrlbutad 

F 

W 



A Propoered Stel larator  

This report analyses the possible 

performance of a deviee daaigned to obtain power 

from the thermonuclear reactions between deuterium 

and e i ther  deuterium or tritium, 

this theoret ical  study that  a ataady-state generator 

It appears from 

or nEtellaratorn may be feaeible, 

reactor would find important use8 both as a power 

&a& a thermonuclear 
I 

8owce and as neutron generatoro 

X, Introduction 

.Controlled nuclear f lss lon,  i n  addition 

to i t s  enomouer m l l i t a r g  importance, has opened up 

Smportmt new p o s a i b i l i t i e a  both in power generatloh 

and i n  the use of very Wge quantiM.ae of n6tutronsQ 

ThiB tschnique lsuffers from the disadvantage that 

mmium, &be baaiorrrrw materhl in  fission, is ECW 

and expens%tlb0 In principle, react ions  between the  

hydrogen isotopes, deuterium and tritium, <)an a l so  

release atomic power and generate neutrons. 

t ~ i  thm must be produced a r t i f l a i a l l y ,  deutqritm 

Y 



and is potent ia l ly  an enomnous source of uasful 

power if means can be found t o  bap this  e 6 

Xn-addition t o  i t s  i ort'mce as a soure8 

of powerI reactions between deuterium nuclei are 

irnporthnt as a generator of t ritium, 

l i t t l e  question that a deuterium-tritium bomb cduld 

be b u i l t  with vaet destructive powero 

There s eemb 

Any device 

which night produce considerable quantities of tritium 

its therefore of great military in te res t ,  

In  the present report, a possible method 

fok tapping t h e  energy o f  deuterium is presented, and 

the general outl ines of a specsfto device f o r  

purpose ape discussed. 

@ 

( <  The theoret ical  study is in- 

coniplete, but the preliminary resul ta  indicate that 

the device propo'sed here might well be  capable 

generating atomic power and tritium on a very lar 

scale. 

t ion  of t h i s  atomic energy'are discussed belowo Next l 

the reactions proceeding under cer ta in  i 

. t ion@ w e  analpied. Finally, the modifioati  

to produce a pract ical  device are presented and d i s  

F i r s t  the general requirements for l ibera-  



= 3 -  
I Io  General Requirement8 

Two l igh t  nuclei c m  liberate energy onlg 

i f  they approach each other suff ic len t ly  cLosely t c  

interact ,  l . e a ,  Fd th in  about cm, Eecawe of 

e strong e lec t ros ta t ic  repulsion between nuclei, this 

means Chat the i r  r e l a t ive  veloci t ies  must be very highe 

In, this respect, thermonuclear reactions between .li 

elements d i f f e r  from t h e  f iss ion of uraniu'm wk 

proceed a t  low atomic velocit ies,  The velocft ies of' 

nuclei may be measured i n  terms o f  the temperature To 

I 

lly no thermonuclear r e  

ess than I,OOO,OOOO Ice1 

will take place if 

d t o  a-ehfeve, an 
* .  

appreciable reaction Fate T must be about' 100,000,Q00& 

or even moreo Since t h i s  result refers only td 

veloci t ies  of the nuclei, T may be called (B wkinsCio 

temperature" f o r  these nuclei, 

One might suppose that Q reaction could be * 

obtalnad i f  two directed baama of nuclei were pa 

through each other, with l i t t l e  random motion, In  

general this i-s not possible, since the probabi 

a deflection by e lec t ros ta t ic  forces 1s much &?eater 

than the p robab i l i ty  of a nuclear reactiono 

moving particles interact with each other, we define 

When 

as the - "coll ision parameter'' b the d i s t a n w  of c losest  

approach whlch would result; If there. were no force 



between the two particles.  In  a col l i s ion  b etween 

Q 

s 
&- 

P 'r 
-% . 

- 

with a charge e, the daileqt  

of aach nucleus dl1 be about 90" OP more provided-that 

t h e i r  mutual e lec t ros ta t ic  energy a t  t h e  distance b, 
2 numerically equal t o  e /b9 i s  as great  8 8  o r  greater  

thein t h e  kinet ic  energy 3KE/2, where k is  the uauel 

ecrs constant, If T equals 100p000,00009 these two 
-11 

On this sLmpl 

energies me  equal when b I s  10 

the nuclear radius, 

w i l l  be deflected through 90' OP more a hundred times 

before i t  reacts  with another nuc leu~,  and it i s  e 

tha t  the velocit ies of the nuclei will be wholly randorno 

ly ,  the cumulative effect  of' more d is tan t  

bout a hundked times a8 great asthe e f fec t  of s 

close encoun ng the r e s u l t a  We 

conclude tha .corresponding t o  a 

temperature of ~ O O ~ O O O , O O O ~  o r  more ei-s'an essent ia l  

requirement for releasing the energy of deuterium, t 

' 

# 

I o r  any of the light elements, 
I 

A second msnt is t h a t  thedensity of the 

interacting gases b low, This is necessary i f  

the preEsure of the g a ~  Pa t o  be suf f ic ien t ly  low to 

avoid a? explosion, If n I s  the  number of par.ticles 

$er cubic centimeter, the pressure.fn atmospheres is 



ut 1O'%kT, where k is again the gas corrstmt. 
, 

If' the pressure is  not to exceed 10 atmosphe~ea, a 

I is  degrees K, then n must 

per oubic centimeter, less than the par t ic le  dena 

ordinary air ,by about l / l O , O O U o  For i n t  

ogkration it might be possible t;o use higher dena 

n a ermaller region, a f c h  would exg 

h e r p  but f o r  ateady operation these loues 

ns i t i ea  ape m essential requirement, 

ThB th i rd  requiromenC i s  

Fill, A t .  the l a w  densi t ies  

ataady opera tha ,  an ion or electron w i l l ,  age 

Its time moving freely; fn otwr woqds, its 

between colligione is very long, For example, if) 

par t i c l e  density n . la d4 per centlme 

w i l l  t ravel  300 kilometers befo 

"3' or  wore by 8 ccallision with another, deuterono 

deratidn of cumulatlve small deflections decreQ88b 

f ree  path t o  3 kilometers, 

Co 
1 

If the deuteron c 
-- 'during thils time with a materlol w a l l ,  whorre tempers- 

ture  cannot exoeed mme thousand degrees a t  most, L t  

W i l l  lose a Jmge fraction of i ts hundred-mllli 

energy, Evidently, t o  malntain 80 high a twppsrabwrs, 

the nuclei must be prevented from h i t t i n g  the wall, 

If the 

would r e s u l t  -In a vessel whoqe dimensions were 

Sdns move i n  .straight' l i nes ,  th is  rsquiranent 

,c L 



ilmetera, which is clear 

To.ke0p'the ions ff 

of foroe is 

Gravitational forces' ara',toO ma1 

ectiricrlil forces a i t  Opp08fhTlg on p o s i t i  

nnot simultaneous%y c m  

ole8 Sinm eldctrr, ns 

ve tons, in eqyal 

a1 electrical field8,'and since the 

w i l l  tend to have the 883~18 energy 8% t h e  PO& t i ve  n 

0th typea of paxlticle must be confined, 

A magnetic field sebms t o  offer the only 

of confining both e:lectrons and posit ive ions w2 

snZall volume, prevent ing them from coll iding w 

walls, In  the presence of a strong vagnetic f ie ld ,  
' 

rgad par t ic le  simply ci?cles about the  field 

direction, linead! force# and move8 only sl 

88  the M e l d e  For CL deuteron m 

vature Iln B 0 of about 10 degree 

e t i c  field' of 2 
; 

dm?, and f o r  an e l e c t r y  1s about 0,02 Q 

ff 8t atmng crurrent is run around a tube, and 

bent $rcrund so that the two ends are joined 



I 

P 

tinuous aircixit, the rnagnetie 8 of o(4 w i l  

stay inside the tube, and charged particlear will 

4 t o  follow them l ines  of f 8 ,  without; Q 

e wallac Confinement of an $oniesd gas within g 

tuba of thils sort by magnetic f i e l d s  may be taken 88 

rement of  any dsvioe liberating 

energy i n  a controlled mamePo 

Zn the following eecttions the perf 

a qevice conforming to these requhmenta' is  1 

Since the pmpoaed system generates power and ntsutr 

reactions similar to  those occurring i n  stars, 

device analyzed below is called a wStellarator"e The 

1. and 

Stsllarator is  gi,ven in the 1ask section, 

$ 

ilibrfum in  an fdeaS Wellar 
.I ' c 

t we consider the p 

e t i a  lelald is 80 

B tuba, md no oollis%one with the w a l l s  occur. 

required t o  pmduoe BUIQ')~ a magnetic f ie ld wi3, 

a 8 0  be negleoted, A l l  dif f lcul t les  connected 

. .  



= 0 -  

We are ooncern,ed+here ~ 5 t h  the r a t e  a t  

which power is generated by t 

the r a t e  a t  which heat is l o a t  bg ?ad& 
I 

Evidently the power, generated mua 

the power radiated if we a r e . t o  have a sufficient m 

of safety when the lmpsrfections OF the magnetic f i a  

&re conside ed, L e t  us consider 

' 

mly l'centimeter long; the cross section of' 

sFpent  is asswed t o  be a cClrcLe, with a rad 

Inetexs The nunbsr of particles per  cubic ' 

centimeter w i l l  again be eq 

mperat.u;re- t o  To We shall ass 

have an 'average qharge Ze, ta 

trona ne equals 2 t h e e  

$ .  e i 
nip ,and thaL the sum n +-n equal8 no Let N be 

nuclear reactiona taking place in each -oubltc 08 

E the energy l ibepated per reaotion, and P 

nerated per centimeter 

2s the power generated pep cubrc centirrretar, &md 

eince a2 i a  the area of the 

The probability t h a t  

tube cross secti.on. 

one ion coll i&es w 

4 



, 

8s as n i' the density of positive ions. pe 

d El, the total  number of reactlcm per cubia centime% 

per seeond mag therefore be written 

where4 i a  some constant that dsp 

In tarma of the.re.action c d s s  section cr and 

on'itvlction P(v) for the relative veloci  

the tons, it i a  evident tbt 

f and 2 em uaed to designate the two typea UP i 

vet ions, t is the fraction of the ions which' "1 
-3 2.. i s ' b  corresp fraction fo r  t 

poaZtive ion i s  present, the pra 

set e g W  to one-half, 

A8 we shel l  888 later, the total  numb 

a per c-ublq timeter, which we denote 

tfsnsh'kp't-o -- the st 

and we @ha define x by 

e 
x H2 =- 0% 

Eince the average Ionic charge it3 2, it I s  evxaent ~ n a ~  



For the 
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8 x  



cified above we, find 

P 510 w€lttrr/en I R 

a8 fast as it is produced by anoLher, a m ,  

ate  increase 

. InfinStG CyUndrioa3. Strsllair. 

Xn en 'actual stallarator, . loss car^ Q 
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roc Such losaea are oonsidered here, 

, r e h t 8 d  .problems of e lec t  

F i r s t  we consider the 

meter length of tube required t o  6 

We assume that around the ho t  g 

j imperss per sguah centimeter flows ,,, 

@red a t  the tube axis, 

tube axis. Let the region indwhlch this current 

a1 shel l ,  of  inner radtua r19 
the f i e l d  atrangth Then inside r 

1 

4 d  Rs - 
10 

wer dipsipation P per.  l inekr  centimeter, * ich  we 8 
H 

where ba the conductivity i n  the material  t;hroup$ th 0 
- 

current flows. ' 

Let vs consider first 6~ syatem in whfch mese 

currents flow in copper ool l s  rcurravnding the tube contai 

;he reactIng@s. We shall denote th is  a8 System A. The 

conductivity of copper a t  100' C is 4.4 x 10 ohma1 cmml, 
5 

We div ide  th i s  value by two, on tbe assumption that half trhb 



S P  

czal volume is occupied by cooling liquid 

we let r2/rx sq\lcal 2, then for a f i e l d  of 

s 11,000 watts/ OH 

8 ts Large, but subatantially BP than P $%w%m - 
H. ' 

deuteron-tritium reactiono 

In principle, the magnet coils c 

. about -19d°Cp near the temperature of' liquid air. The ' 

vity at these Low temperatures is about ten times t 

' aesmed value, To cool this muoh air, however, about a8 m 

electrical power would be needed as to keep the current in 

fs goingo In this case, then w0 would have 

\ 

P s '2,200 wdtts/crm 
S H  (33) 

tne stellarator of dimensions specified above, with 

rfil equal to 2, the power dissipated w+ld be only 

0 , l  watta/cm 3 and %he cooling problem should not be d i  

Since PN for the deuteron-deuteron reaction i s  185s thanthat 

for the deuteron-tritium reaction by 4 factor of about a 

ad, a reduction of PH by thin method might be 

for a working deuteron-deuteron Stellarator whom e isa  and 

magnet5,c fields were kept t o  minimum vB1ues0' If liquid 

hydrogen kould be u'sed as a coolant could be raducred bu ' 'H 
another factor of ten, . 



decreasedo The 'conductivl 

degrees is 3 x 10 
7 -1 ohmm1 em about the  Sam as copper a t  

the temperature of l iquid hydrogeno 

mil0 t o  flow around inside the  tube c,ontaining the reac t  

gas, PR can be reduced t o  a negligible valueo 

outl ine a possible system, *ich we c a l l  System B, %hhh 

takes advantage of the high conductivity of an ionieed 

ff  the current CQB be 

' We hall 

In  System Bo a strong current  is passed , 

through external co i l s  for  a br ief  moment, - about a eecond 

or  l e s s  - generating R strong magnetlc f ie ld .  This magn 

f ie ld  is produced when the temperature of the  gaa I s  

re la t ive ly  low, 0 l e s s  than a million degrees K, - and the 

conductivity is therefore suf f ic ien t ly  low 80 t h a t  the 

when this m&netic Pi 

> 

. 
d permeates thb gas freely,  

l a  a t  i t s  height, the temperature of the gas t a  increased 
0 i t s  operatingmlus, about 10 dagresr, by a glow dlscha 

of some hlorto Thia increases the con c t iv i ty .  of the gas 

enormouslya 

magnetic f i e l d  insEd.e the gas decays very !Xlowly, owing 

high conducttvity, requiring about two mtnutes t o  drop to 

of' i t 8  i n l t i a l  value, for-a tubs of radius 50 om, 

e#raturs of 4 % ,I0 

The external current  is then turned off, 

A t  a 
8 degrees .(an increase needed to make u86 

of the deuteron-deuteron reaction) the conductivity is elght , 



that the mgnelicr 

tmperaburs regionB 

nut this 8y8temB w i l l  be least 

ear reactions 

d be needed to predibt the 

sten BE and chief-attention is ther 

System AP who& 

whatr less uncertainty, 

Next we obnaiaar diffusion lollares ataths 

well* The flow of heat acrosa the'tubs should be 

determined by the soiutlon )of the appr6griate ,difcfep 

oondhctivity w i t  

cab@eulds of c,ollleione each Ion 

of f o r m  in a circle o f  radiue 

the ion will be inanew circle,  

shifted Q dlstanea on the 





5 
The radius of gyration is given by the 

;rsual formula 
m -v c e a ‘Tr 

FOP dstaterons under standard conditione, the Goat mean 
square veloci ty perpendicular to  H is 0,9 x 10 8 cru/~~eu 

(39) c-  0,9 om * 
’ Thus . / e  is about 55 for t h e  standard c m d i t i  

clea reaoh the wall after a time In te rva l  of 3 x 10 

on $he average, or about 10 secondso For eledmn8 p 
,is only 0.015’ cn0 

If we combine these various reeu2t; a, P 
0,,9l $ %* e2 C.2H2 

( k , 2 I 2  ( s ) 3 / 2  

W 
P 

Wi 

For the standard condition, we find 

= 530 watts/cm 
pW 

about equal t o  P 

i n  the ideal  caee considered, compared t o  Pg in Byst 

If T were increased bg a f ac to r  of about 2, w l t h  a 

Evidently the wall loases  are srna1, R 0  

corresponding decrease of n, PN would be unaffecbsd 

while P 

3 and would be lesa than one percent o f  PI” 

and P m u l d  each deorease by a f a c t o r  of about 
W R 

This analysis is very s impl l f led  md nsglaete 





a smdller effective value of' a would a t i l l  hvcr 

greater than the other 1o88ea0 

the velue of a oennot be materialy daordaned 

extmsd P 

radius of the tube would inereass theeEaa0unt; of o 

for the atandard Stellarator as speal f i sd '  abmm, if 

- 1  

In 6yate-m At h 

aad timy large inorease Zn wle a c t u  
BI 

t 

50 cm, vhiah ~ B B V ~ L I  no a p a ~ e  

needed to absorb the neutrons, t en  tons o 

be required f r each metzep lengOh of tube* ' 

To circumvent th is  diffioulty w i t h  Syetcrnl 

a modification In this system is proposed. 

purpose of this k d i f i c a t i o n  %a to take the ma 

of the tube before itzeaohes the wall8, thus e 

any dsop of temperature i n  the tube. To ef'fbct this 

purpoae, auxiliary tubes would be positioned i n  palm 6 

the wall of  the mainatube, eaoh &be encircled 

bearing coilso These tubes, 'eaoh with its onn me@%etlo ' 

fllald, muld be 80 positioned as t o  ben6 the linea 

near the wall into the auxi1ia;ly tubes, anti sway 

Stellwatoro To avoid the necessity of v e q .  s I 

tZO Fields h t P l e S O  aUxilhry tube&,. these tubes WO 

best be plawd in a gap in the main magnetlo fi W b l l . 9  

the main f ie ld  w i l l  be aomewhat weakwed, . especially 

near the tube w a l l s o  Iron conneation pi0tl68 m i g h t  be 



ed to carry away ehe magnetic li 

velling through the ,magnet c o b ,  leaving 

o which the l ines  of'force near walla 

expand, with resultant weakening. The 8 e t - u ~  

i e  &tiown i n  F%e;.tilre 2 at the end 'of thh paper0 

Condrtioae ia the .auxiliary tuber 

' planned t o  diminiiFsh as nauch a1p possi 

ione and electrons would leak back into the main 

A these auxiliary a s b  cross m a t i  

incream, and H diminish, with inoreasing d i a t  

Cayin I tubs, and finally the fona'and 8lectP 

I 

- I  

. 
pp& _at some mateyitil barria? 

Slncer B spiralling. ion behaves diumag;natid-l;lf  

be re-gelled-from rs&ons of stmng mmrgaeb%o f 

8 few', ions would l e d  backo The neutral 

#ed wt, the &as covpressed, possibly PLQM 
! 

gaa" taken out and replaced by ireah reactanttrl, a 

gas then Injected back $nto bhe 
' In this proposed Egrrtern A the 

toward the Wls but w e  take@ 
I 

before they reach it, the "wbll loaseq" a l l  o ' 

the end8 of the mxili&ry tuberso 

flow of heat, divopc.sd :from the transport of atptns, 

$1 

tempel-atwe should be V e r y  nearly upiform over 
I 



The density w i l l  fall off' with increasing distance f 

the axis, since a pressure' gradient i s  necessary to  

maintain an outwapda d r i f t  of ions and c h c t r o n s ,  

sum of magnetic and material presswea must be uniform 

throughout; the tube $/SC will increase radially outward8 

as nkT diminiihes, andrkT a t  t h e  axis cannot exceed @ /% 

at the ~ ~ 1 1 8 ~  

\ 

Sit@@ 

2 

From preliminary aalcuLations it w ~ u l d  a 

that the outward d r i f t  reaulta en t i re ly  f rom,  electron- 

polsitive ion encountere, i s  the a m @  for both eleatran 

and posit ive ions,  and i s  leas by an order of mapi t  

than the value found from the  interaotions be.twaen posi- 

t i ve  ions considered above, Hence Pw may be essenti€a 

negliglble i n  System A. 

Conditions. i n  the je ts  o f  gas shot back Into 

the Ste l la ra tor  must a l s  considered. In  such a j 

i n i t i a l  denaity w i l l  be higher than i n  the Stella # 

but the temperature, much lower, 

be ionized before it has gone far, but a t  least  a rnil.13.- 

seconc$ will be required f o r  the temperartwe t o  fitre to  
. 

The  material wi11 as1 

8 LO degreeso Since a j e t  velacitg of ovdrr'a kilometer 

per  second should be feasible, the j e t  ahauld b? able to, 

travei acToss the Stellara 

magnetic field w i l l  not st tion sf %he Jet, 

produce an e lec t r lcca l  r i e l d  which CQUn t er 





mgneriiw force on the current aoceleratas 

ti1 it shares i n  the general rota t ion about tha axia 

In  S3d;ei B jets  can again be p 

gas of neutra1;atdms out at the  w a l l s ,  compressing it 

and shooting it back in,  

''burntn gas out and in ject ing f resh  reactant l a  ~ d )  

i n  any case, and the jets w i l l  help t o  red 

ele ctroh3 t s t i c  f ie ldk,  

Some method fo r  taking thar 

Transitory e l ec t r i ca l  f i e l d s  ~y be ixnpoPCm 

La e i ther  sxstemo 

gkduca a ourrent directly,  but only ind i rec t ly  

dynamical effect&, a f i e l d  due t o  a local  charg 

t ioa w i l l  not rapidly disappear, 

p i ty  along the l ines  of force w i l l  d n t a l n  a c 

Since an e lec t r ioa l  f i e l d  doerr not 

The enomious 

t e n t i a l  a k l  along any one l l n e  o f  foroe@ but on 

l i n e s  a dif ferent  potential may be f'oundo Consider a 

length L of the.ttzbe, and consider a small oylinder a3 

w e  tube, w i t h  a radius of 2 centimeters and a erow 

section of 12 aquare centimeterso Sinoa the radius O< 

gyration of a poalt ive ion is about 1 cantimatsr under 

, w i l l  remain 'inside during the effeot2ve t ime3  between 
14 3 collfsions. If the density of iona I s  . 3  x 10 /a the 

a1 number of ions i n  this tube will bo 4 x d5 L o  



1 fluctuations w i l l  produce 

r e  mot of this 'quantity, o r  4 
luctuation of about 3 x 10"' 

f i e l d  E resul t ing fmm this eharge f l u c  

Le5 x 10- 

The VelQCity Pesulting i 8  h E/H, or 2 

eo.aoqo a t  the boundary o 

an infinite ccylinder there 

t is 'only cm, the velocity is not 

lluctuatione mucsh larger than the$ average m 

UP08 Of d i s  pation, The j e ts  \propoeed above 

t ing  paths which could make pos 

irea,tion af p o t e n t i a  dlff&encea betme 

l i m e  of for 

Finally we must c.ori'leider 'the stab11 

t ion  of' Stel larator ,  It must be assume 
I 

e lrom the gas and tha t  the  losses of 

d a t  t he  walls 

by energy gained from the ahar 

- Es4 a8 of the deute 

h a h  men that PN w a x  loarela 

tmk reaa$ion, md 

available i n  He4 reooil  nuclei w 

t o  'keep the reaction goingo cines e for a H 

w i t h  1 Mav of energy is only 12 crentimetera it 



that most We 4 recoi5 nuclei would in  fact; remain i 

tuba,apiralling about the l i n e  of' force u n t i l  they 

gradually slowed downo 

and output i n  System A, the density could be incrersed b 

aeaply a faotor of 2 over standard' conditions, making 

a t  the center near3.y equal t o  the value of 

wall, and reducing H a t  the crater t o  a v e q  low value 

Thia,would increase the wall 1osaes6 

could be increalsed by adding ions of higher nuclear 

In  Pact, the presence i n  the tube of He , the end prod 

of thu deuteron-triton reastion, would increase 

To mrdntain a balance bet  

Alternatively, PR 

4 

' materially,and would a l s o  decrease P aornewhato He R +  
equilibrium point System A would be stable, pmvL&ed t 

nuclear coefficient  i% increased l e s s  rapidly than 

Xn such a case, ap increase of T decreases the dens 
and decreassslhe reaotion ra te ,  tend t a  reduals T 

Similarly, a dearease of T increases the reaotion 3pa 

System B would probably a lso  be stable, provided tha 

constant pressure is maintained in the OMllargtor, 

the possible variation of H d t h  T oonplicates me probl.a#no. 

_-  

I V o  Perforhmce of PinSte, Curved Ste l la ra tor  1 

To operate a f i n i t e  Stel larator ,  the two en 

of a cylindrical  S te l la ra tor  must somehow be teridncata 
without loss of the energirtlo partiolea,  The a sat 

F 



means t o  sffec.t t h i s  is to  bend the tube. i n  

and join the end6 together, forming; torus, or 8.0 

shaped Etel larator ,  Most of the characrteris 

cylinder Etel larator  are &.so shared by su 

Etel laratoro In addition, new d i f f iou l t i e s  appear ~ e s  

from the curvature of tFe magnetic field 

men a magnetic f i e l d  is not completely 

uniform, charged par t ic les  w i l l  not aimply spiral about 

the l ines  of force but w i l l  a l so  show a dr;ift; veloci 

acrosa the l i n e s  of Poroeo 

field H fn the e direction increases i n  the x dire 

an ion of charge> e and mass’m w i l l  show a d r i f t  ve1ocSt.y 

V along the y axis numerically equal t o  
m u*c ~IH 

Y P G F  Bx 

For example, if the magoeti 

’ 

? 

V 

where u is the velocit3 perpendioular to  He .The posi 

ions w i l l  d r i f t  i n  the gpposlte direct ion from the 

e l e o t r o n ~ .  S~milar ly ,  if a p a r t i a l s  is nioviw a 

linea of force ( i n  the re direction) with a trelob 

and these l ines  bend i n  the  e-x plane w i t h  a r 

electrons td 11’ again drift in the y direotion wt t h  %ha 

velocity 
\ 

2 ‘  m i u  0 y r  - v V 
eHA (23) 

In a torus, H varies 88  l /R ,  where R is tha dietanes frega . 



me quantity a~/in o i s  simply the angular frsqueney . o f  

tion in the magnetid f i e l d s  and 8 10 SOP " 
0 

deuterons and 101' f o r  eleqtxyns, if H is,  2 x 10 4 guuas- 

For a MIlxwellian dletributlon of velocities we' have 

Aotually thssa d r i f t s  would not\ normally 

meterirlirte, since they would produas P large aspar 

charge, The reaultant electrostatlc f i e l d  would then 

pzpducte a d r i f t  of' both electrons and positive lone 

outer s i d e  of the torua, and all' the material in the 

Stellarator would, atrik'e the outer wall be 

of the tonw had been completed, 

it would be neoeoreary, to feed in poaritive lorlrb and el4 

at the top and bottom of ths. Stellarator, thua dlowltng 

wwtical d r i f t 8  t o  develop without pmducing m 8 

o h p ~ g u ~  ff the tuba radiua were 50 canthn4Bersb Mna 

I 
/ 

To preverrb thia, 1?& 

, 



mmewnat xess than the time between coii isions.  The loes 

of kinet lo  energy a t  t h e  top and bottom of the tub8 wo 
exceed Pw found i n  equation (21) by a factor  of 10 4 , 
would much extreed Pwe The r eco i l  nurrlei from the nu 

reactions would lbavs even more rapidlyo 

I 

Evide 

toroidal  S te l la ra tor  i s  not psact icalo 

To pemnit the reaot;lon t o  continue a ba 

modification of the shape of the tube ie propos 

tub8 may be,bent  in to  the shape of a figure eight OP 

pretsel ,  as &own i n  Figure lo The two end loopa 

be i n  the same plane but the i r  planes ahould be par 

Thf8 modification consists escgentiaily of two ta r  

magnetic fields i z l  opposite directiona, linked toget 

form a preteel ,  

velocity of an ion going around one end of the pr 

be i n  the opposite d2rection f'rom the d r i f t  velocity 

same ion going around the other end. 

W i l l  go up about 3 cm going around one end md down 3 am 
goLng aroWd 2 the  other endo For the electrons the 

, are less by a factor of 60, Thus we bee that f o r  par t  

which have an agpreoiable velocity along the l i n e s  

the d r i f t s  w i l l  cancel out i n  one c i rcu i t  of the tube, 

It is readily a'een tha t  the d r i f t  

Thus a posit ive ion 
I .  

. I  

Thoae ions whose velocity component along the 

l ine8 of force is mall w i l l  pass Slowly &pound one mcl. 

of the tube, and fop these t h e e i f t  velocity may be 88 
f 
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any ion which tam longer 

8s around one end w l l l  

e top o r  bottom of  the tubeb 

a c i m l e  of radius 300 centimeters, 1 1  p 

&er along the lines of f 

t out. Only aWut 

w h  a low velocity 

on the.avarage a pa;trticulw ion wl. 

ocitg for only a amall frac 

3 ~ ~ 1 0 ' ~  see. Mureover, the pres 

cal  f l a l  11 destroy the ey 

wing inatead a spiralling mo~ion OP ea 

tube wi~a. Sorne aadibional electrostatic f i e  

lop, but along each 1 

g e l d s  w l l l  have opposite signrb 

sel, and w l l l  therefore be realdt 

Either S y s t m  A or S g 8 t a  B oould 

particular ppeteel-like shape, , 

A number of indi 

diecuasado Different metho 

s o  FOT System At one method 



I 

gradually' 1dcPeaasd a f t e r  high 

EtelZarabr eould be readi 
J .  

, the suppl;y-of reacting nktterlal; in  the deut 

t o '  Porn  He4 w l  t h b  about a hund,md dmonda, 

ellarator disculraed above, half 

me proposed Stel laratdr ,  Syatem As would 00 

about 0,03 grams of tritium, and would conkrfie ab 

kilograms of' tritium a year i n  steady operation, l f b e  

about 1~0,000 kilowatts of nuolear power in steady , 

operation, -Only a f ract ibn of  this power would be ejva 

, 

f o r  other purposes, *en t h e  themodynmio inoffiat 

of heat enginse and ' the power required f o r  the ma@ 

taken into account. In principle, all the tritium con 

could be regenerated by neutron capture i n  lithium, p l  

between the w a l l  o f  the tub6 and the col la  of the  mgn 

Heavy water could be used for  slowing down the neut 

\ 

cooling the lithium, an'd for aubasquent generation of 

elecrtribal power with the heat receivedo 

i a t i o a  of System €3 would be erimilar, exoept that a l a r  

The char 

frcactton of the nuclear power l iberated 6! 

for other purposes, 
A dsuteronrdeuteron 6 t q l l m a t d r  would produce 

a8 much power, or more, end would generate tritium 8i  

the ratio of PN 210 PH in System A varlea a@ a % q g  , 
.the rbduaed nuclear c ~ o 8 8  seotion would r e q u i w  , b 6  

S . '  

t 



temperat'ures were used to  ra ise  W An increalsle 'of 

a o r  H w i l l  bring the power back t o  nearlg'the same 

value as i n  the deuterium~tritlum Stellarator,  but tan 

increase in a w i l l  require an 'increaae in the tote1 l eqbb 

of the tube. 
. 

A tube 400 metera In length, w i t h  a power 

outputx of 30' kilowatts per centimeter, w) uld generate 

about B million kilowatts of powers wauld produce ,a tonth 

of a ton  of tr i t lum pip year8 and about the same q u m t i t j  
3 O f  He3; t h i s  l a t t e r  isotope, like H 8 Could a180 be U8 

i n  smaller Stellaratore for power generation, and wou'Ld 

have the considerable advantage that  no neutrons o r  gtmn3a , 

rays would be pmduced, System €3 would probably be m r e  

suitable fo r  the deuteron-deuteron Stel larator  thalli 

System A, but would presumably also require a relatrvely 

large installation, 

V, S\smmarg of Proposed Stel larator  DQaIgn 

The proposed thermonuclear S tella r a t  oro 

designed t o  operate with a mixture of deuterium and tritilun, 

would aonsiet primarily of a cylindrical tube, about. 50 

centimeters in radius and some 40 t o  50 meters i n  length, 

Dent around t o  f o m  a figure sight, or  pretzel -,8eo 

Figure lS Immediately surrounding this tube would be a shell 

of heavy water t o  d.ow down tho neutrons and absorb the 
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Ste l la ra tor  energyo Outside this wuld be a shell of 

water-cooled lithium. in which the neutron8 muld  be 

ablsorbed and tritium generatedo 

be R co i l  of copper wire, with'an outer radiue twioe the 

inner radlus, through a i c h  a strong ourrent would be 

pasaed, creat ing a magnetic field of s m e  20,000 gaus~, 

parallel a t  each point t o  the axle of the curvcad tube, 

Outside a l l  *hi8 would 

T 
0011 would a l so  need water cooling. * 

Inside the tube wouLd be a mixtwe of 
,, 

gaaeou~ deuterium and tritium, d t h  a density of about 

2 x grams per cubic centimeter. This gas wouid be 

excited i n i t i a l l y  by 6~ glow dischergo), o r  m m  other rsem#, 
t o  a temperature of about 100,000,000 dee;rees X 

and would then mdntain i t s e l f  a t  this high tmpep 0 

To prevent the formation of a low-temperature region 

the tube walle, the gas approaching the wall would be 

outof the tube before it reached the w a l l ,  and very li 

gas would be  cooled by coll ision8 w i t h  the walla B 

resu l t ,  would be achieved by the use of s e v e ~ e l '  pairs  of 

auxiliarry tubes, each with i t b  own magnetic f ie ld ,  placed 

a t  right angles to  the primary field in a g q  in  thi8 f'ieZd., 

as shown in Figure 2, 
auxiliary tubes, in diverging magnetic fields, tbuld then 

be stopped at walla, aompressed, and shot  'bacrk into t b  

main tube i n  tha form of Jets,, 

The ga8 m o v ~ .  along t h e m  

I .  

A certain froat%on of 
g&s, cantaining He 4 w) u l d  be taken away Itn t h i a '  pns 

* 



' A modification t o  t h l s  sytena.mul 

co i l@ only for generating a momentary magnet 

which would then be retained v& thin the tuba for a8 

minutes by the high oonductivitg of  the very hot fonis 

gas,, In this caw the awtilary tubes would no0 be ne 

fo r  taking.gas out of the ohamber, a s  neutra3. hydr 

- and h&um at a mderatelybw temperature could be tarken 

through any opening in the main tube; it would 8 

advantageous, however, t o  b o o t  the fresh deuteri 

mixture back into the tubs i n  the Porn of hi&t-@peed 3 

t 

. This proposed Stellarator wpuld l t be r  

hundred thousand ki lowat ts  of nuolear power, 6md mu18 

con8ume t en  kllograme of tritlum a year, which 

regenerated, howevero i n  the lithlumb. A Stellarabo 

an external magnetic f i e l d  and destgned to  operato 

pure deuterium would be ten t i m e  larger, o r  would 

molgnetio fields of 100,000 gauss, or  aome partial, comb% 

of these unlbm liquid a i r  cooling could be wed for t;hs. 

magnett coils, i n  whieh oaae smaller increases %a 

requiredo 

nuclear power released would be in the-region IOO1 

1,000,000 kilowatt8 and between 10 and 100 kilograssls o f  

tritium would be produced per yearo 

If osdinary water cooling were used, 

A Stel larator  .whoso 

magnetlo f i e l d  was produced 

probably maintain reactions 

miller acale if' desiredo 

d t h  the reacting g@cr cotx3cb 

i n , p w e  deuterium on bt 8 "3 
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