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u erica  i vestigati  f 
e ectr  rbits i  the C u bia 

eutra  T rus
1  I tr ducti
The C u bia eutra  T rus (C T) is a si p e ste
arat r ade f y f ur p a ar c i s a d dedicated t  the 

study f p as as f arbitrary eutra ity c fi ed  ag
etic surfaces 1  2  This is t a  pti i ed ste arat r  

a d it exhibits arge variati s i  ag etic fie d stre gth 
 surfaces  H wever  c fi e e t is expected t  be g d 

because f the arge radia  e ectric fie d created by charge 
i ba a ce i  eutra  p as as 3  4

I  particu ar  f r pure e ectr  p as as c fi ed  ag
etic surfaces the e ectric p te tia   is dictated by a P is

s B t a  equati  3

(1)

where  is a abe  f r ag etic surfaces  a d () is a 
fu cti  c sta t  surfaces which  a g with the exp

e tia  ter  deter i es the de sity  The e ectr  te per
ature  Te() is a s  c sta t  surfaces due t  fast 
strea i g f e ectr s a g fie d i es  I  C T Te is typi
ca y ar u d 4 eV  A 3 D c de was deve ped t  s ve Eq  
(1) i  the trivia  ge etry f C T 5  This c de 
sh ws that the p te tia  varies sig ifica t y  ag etic 
surfaces whe  there are few Debye e gths i  the p as a 
( )  but te ds t  be c sta t  surfaces whe  a y 
Debye e gth are prese t ( )  H wever  the equi
ibria are quite se sitive t  e ectr static b u dary c di

ti s  I  C T  i  the abse ce f the g d c duct r 
surr u di g the p as a that was rece t y i sta ed  a d 
eve  f r  p te tia  variati s 

 the uter surfaces are sig ifica t  This sh u d be c
trasted with quasi eutra  p as as i  equi ibriu   ag
etic surfaces i  which p te tia  variati s  surfaces are 

esse tia y abse t  P te tia  variati s ay y be pres
e t dy a ica y  a d at wer va ues tha  th se c sidered 
i  this artic e  i  the f r  f e ectr static turbu e ce

Because f the e ectr  space charge  a  equi ibria exhibit 
very str g egative e ectric fie ds ( )  The 
be eficia  i f ue ce f a derate a bip ar e ectric fie d 

 the c fi e e t f quasi eutra  p as as i  ste arat rs 
was estab ished g ag  6  Here we i vestigate the 
effects f very str g e ectric fie ds  c fi e e t  A 
pure y radia  e ectric fie d great y i pr ves the qua ity f 
the rbits  as expected  but because the e ectric fie d is s  
str g  t r ida  res a ces appear at derate y w va
ues f the ag etic fie d  eadi g t  u c fi ed rbits  I  
additi  p te tia  variati s  surfaces add t  the c
p exity f the rbits a d a s  ead t  bad rbits
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I  this issue   
u erica  i vestigati  f e ectr  rbits i  the 

C u bia eutra  T rus
The c fi e e t f pure e ectr  p as as i  the 
C u bia eutra  T rus (C T) is expected t  be 
g d because f the very arge radia  e ectric fie d  
resu ti g fr  space charge  which c ses the rbits i  
the p ida  directi  H wever  the c fi e e t is 
i ited by the prese ce f u c fi ed rbits  The 
radia  e ectric fie d is s  arge that  r tati  ca  
ead  at w B fie ds  t  t r ida  res a ces  I  addi
ti  variati s i  the e ectric p te tia   ag etic 
surfaces  i here t t  C T equi ibriu  add t  the c
p exity f the tra ect ries a d ca  a s  ead t  bad 

rbits  We have writte  a c de t  i vestigate e ectr  
rbits i  the ag etic a d e ectric fie ds expected i  

C T  Resu ts f the ca cu ati s are prese ted  A 
re detai ed discussi  wi  be sub itted t  Physics 

f P as as 1

t i a succeeded by ri at IFS
After six years f service  Pr fess r sa u t i a 
wi  retire  arch 31  2009  He wi  be succeeded by 
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used as a refere ce with ut the auth r’s c se t
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Ste a
2  E ectr  rbits
A  B er f ux c rdi ates
We a e use f B er f ux c rdi ates ( ) 7   
is a radia  c rdi ate pr p rti a  t  the t r ida  ag etic 
f ux  with   b at the p as a b u dary   a d  are 
p ida  a d t r ida  a g es  respective y  I  the () 
p a e  fie d i es are straight with a s pe ()  the r ta
ti a  tra sf r  These c rdi ates are derived i  C T 
usi g si p e i tegrati  a g the fie d i es  as described 
i  Ref  8

A g the a y adva tages f usi g B er c rdi ates 
is that the drift ti  depe ds y  the stre gth f the 

ag etic fie d  t  its directi  C T has 2 f d peri
dicity a d ste arat r sy etry ab ut the p i t ()  

(0 0)  ea i g that the ag etic fie d stre gth ca  be 
described as  The   0 c
p e ts f B are the t r ida  c p e ts  whereas the   
0 c p e ts are the he ica  c p e ts  F r a  accurate 
descripti  f the ag etic fie d we eep ab ut 60 ter s 
i  this F urier series  A ag etic fie d stre gth f 0 1 T is 
typica  f C T a d is used i  this artic e  u ess therwise 
stated

B  Ch ice f e ectric p te tia
We wi  f cus ur atte ti   three differe t e ectr static 
p te tia s  I  Secti  3  we i vestigate the e ectr  rbits 
i  the abse ce f a  e ectric fie d    0  This represe ts 
the situati  where there is eg igib e space charge a d 
serves t  i ustrate the qua ity f the rbits give  the ag
etic t p gy with ut e ectr static (pri ari y ) 

effects  I  Secti  4  we i vestigate the rbits i  the case 
f a str g e ectric p te tia  c sta t  the ag etic sur

faces  This is a  idea i ed situati  that sh u d ead t  
vast y i pr ved c fi e e t  I  Secti  5  we i vestigate 
a  e ectr static p te tia  that has sig ifica t variati s  
the ag etic surfaces  The p te tia  ch se  is a reas
ab y accurate represe tati  f the actua  e ectr static 
p te tia  i  C T a d gives rise t  c p icated drift rbits

3  E ectr  rbits with  e ectric p te tia
As e ti ed ab ve  C T has a very si p e c i  c figu
rati  Thus its ag etic t p gy is very differe t fr  
th se f high y pti i ed ste arat rs such as W7X 10  
I  particu ar  there are huge variati s i  B  surfaces  as 
sh w  i  Fig  1

Because f these arge variati s i  B there exists a very 
arge fracti  f trapped e ectr s  st which are he i

ca y trapped  Because these e ectr s are trapped i  ag
etic we s  they ca t ta e adva tage f the  i duced 

p ida  r tati  These trapped e ectr s stay ca i ed i  
the p ida  directi  a d ag etica y drift ut f the 
t rus i  a ti e

(2)

where a is the i r radius a d R the a r radius  I  
C T  a 13 c  R 22 c  S  f r a  e ectr  with i etic 
e ergy W   4 eV i  a B  0 1 T ag etic fie d  this esti

ate yie ds t ss 0 4 s  The typica  rbit f a he ica y 
trapped e ectr  is give  i  Fig  2

   

B bmn m 2n– cos

E B

Fig. 1. Map of B on the surface  = 0.5b. One clearly dis-
tinguishes the large helical variations in B and the two 
troughs centered on  = 0.  = 0 corresponds to the out-
board (low B region) of the torus, whereas  =    corre-
sponds to the inboard (high B region) of the torus.
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Ste a
Because f the arge fracti  f trapped e ectr s we 
expect direct sses t  be arge  A d because a  surfaces 
are sub ect t  variati s i  B  a  surfaces have a p te
tia y arge ss c e  T  assess h w bad the c fi e e t 
f si g e rbits is  1000 e ectr s are started  a surface 

a d f wed u ti  they eave the c fi e e t regi  i e  
they cr ss the ast c sed f ux surface  The e ectr s are 
sa p ed with ra d  p ida  a g e  t r ida  a g e  a d 
pitch  but a  have i etic e ergy W   4 eV  I  Fig  3 we 
p t the fracti  f c fi ed e ectr s as a fu cti  f ti e 
f r differe t surfaces  We ca  bserve that eve  deep i  
the p as a  re tha  ha f f the e ectr s are st

A  e ectr  b r  with a pitch  at a cati  
( ) is ag etica y trapped  its birth surface if 

(3)

where B ax() is the axi u  f the B fie d  the sur
face   H wever  e ectr s with a pitch c se e ugh t  
 ax are y t r ida y trapped  t he ica y trapped  
T r ida y trapped e ectr s  a th ugh st i  ge era  are 

st ess quic y tha  he ica y trapped e ectr s  This is 
i ustrated i  Fig  4

4  E ectr  rbits with e ectric p te tia  c
sta t  surfaces  
A  rbit c fi e e t
If e adds a fi ite e ectr static p te tia  that is c sta t 

 each ag etic surface  but varies fr  surface t  sur
face    this adds a pure y p ida   drift t  
a  partic es  Because the e ectric fie d is egative  this 
p ida  r tati  is i  the p sitive  directi  as is the 
p ida  r tati  i duced by the r tati a  tra sf r   f r 
f rward passi g e ectr s  H wever  f r t  pr vide 
p ida  r tati  the e ectr  ust trave  a g the fie d 
i es  whereas the  r tati  is a s  effective f r 

trapped e ectr s  He ce the  drift ca  he p t  c se 
the rbits f trapped e ectr s  As a  i ustrati  we give 
i  Fig  5 the rbit f the he ica y trapped e ectr  i  Fig  
2  this ti e with a str g radia  e ectric fie d

This pr cess is effective if t ss  the typica  ss ti e f a  
e ectr  is g c pared t   the ha f p ida  tra
sit ti e due t  the  drift

(4)

Fig  2  rbit f a  e ectr  i  the abse ce f e ectric fie d  
The e ectr  b r  at a i i u  f B  is he ica y trapped 
a d quic y st  C r c rresp ds t  ti e  b ue is t  0  
red is t  t ss

Fig  3  Fracti  f c fi ed e ectr s vs ti e  differe t 
surfaces i  the abse ce f e ectric fie d  1000 4 eV e ec
tr s are i itia y started  each surface  At right are the 
c rresp di g surfaces see   a cr ss secti  f the 
p as a

Fig  4  ss c e structure i  the abse ce f e ectric fie d 
at a i i u  f B  the surface   0 5b  The c r ( g 
sca e) de tes the ti e it ta es a  e ectr  t  eave the 
c fi e e t regi  A 5 s c fi e e t ti e is c sid
ered t  be i fi ite c fi e e t ti e  e ca  c ear y disti
guish the regi  f he ica  trappi g     he  fr  the 
regi  f t r ida  trappi g  he       ax

 v || v
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As e ti ed ear ier  i  C T  s  that f r a ther
a  e ectr

(5)

a d c si g f the rbits thr ugh  drift is very effec
tive  This is i ustrated i  Fig  6 where we p t the ss 
c e at a i i u  f B  the surface   0 5b

B  Direct sses
y e ectr s that have e ugh i etic e ergy a d are 

b r  c se e ugh t  the p as a b u dary ca  escape c
fi e e t bef re c si g their rbits i  the p ida  direc
ti  This is c fir ed u erica y by ru i g a 
si u ati  si i ar t  the e prese ted i  the previ us sec
ti  where we start 1000 4 eV e ectr s  differe t  
surfaces a d eep trac  f the fracti  f c fi ed e ec
tr s i  ti e  The i itia  sa p i g is as described bef re  
Resu ts are prese ted i  Fig  7  sh wi g that  the   
0 5 surface a  partic es are c fi ed  I  the edge regi  
there are s e sses f e ergetic partic es  see Fig  8  
which sh ws the ss c e f r partic es starti g  the    
0 9 surface  ear the p as a edge  The ss c e i  this 
case is s ewhat si i ar t  that with ut a  e ectric p te
tia  but w sig ifica t i etic e ergy is eeded eve  f r 
the deep y trapped partic es bef re they ca  escape

Fig  5  rbit f a he ica y trapped e ectr  i  a str g  
pure y radia  e ectric fie d  The e ectr  stays he ica y 
trapped but the E  B drift effective y c ses the rbit i  the 
p ida  directi

Fig  6  ss c e structure i  the case f a str g  pure y 
radia  e ectric fie d at a i i u  f B  the surface   
0 5bThe c r ( g sca e) de tes the ti e it ta es a  
e ectr  t  eave c fi e e t  A 5 s c fi e e t ti e is 
c sidered t  be i fi ite  A  trapped e ectr s are perfect y 
c fi ed by the E  B r tati  (c pare with Fig  4)

e Te»

tE B
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Fig  7  Fracti  f c fi ed e ectr s vs ti e  differe t 
surfaces i  the case f a str g a d pure y radia  e ectric 
fie d  1000 4 eV e ectr s are i itia y started  each sur
face  y e ectr s b r  very c se t  the ast c sed sur
face are st

Fig  8  ss c e structure i  the case f a str g  pure y 
radia  e ectric fie d at a i i u  f B  the surface   
0 9b The c r ( g sca e) de tes the ti e it ta es a  
e ectr  t  eave c fi e e t  A 5 s c fi e e t ti e is 
c sidered t  be i fi ite  y high e ergy he ica y 
trapped e ectr s are st
rat r ews 4 Apri  2009
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C  Res a ces
Because  r tati  is i  the p sitive  directi  this 
r tati  adds t  the  i duced p ida  r tati  f r c
passi g e ectr s (  0)  whereas it subtracts fr  the 
i duced p ida  r tati  f r c u ter passi g e ectr s 
(  0)  F r very str g e ectric fie ds  these tw  r tati s 
ca  ca ce  ut f r c u ter passi g partic es  eadi g t  a 
t r ida  res a ce 11  The  ve city is

(6)

a d the  i duced ve city is

(7)

where  is the i verse aspect rati  a R  Esti ati g  
with P iss ’s equati  a d  yie ds the 
res a ce c diti

 (8)

where D  a D is the u ber f Debye e gths i  the 
p as as a d   is the e ectr  ar r radius  The res
a ce c diti  ca  be fu fi ed f r typica  c diti s f 
perati  i  C T  F r the p te tia  we have ch se  here  a 

res a ce is bserved with B  0 02 T  which is a typica  
ag etic fie d i  C T  

Res a ces degrade c fi e e t because the res a t 
partic es d  t r tate p ida y  see Fig  9

Because f the res a ce  c u ter passi g e ectr  rbits 
are cha ged t  ba a a i e rbits  see Fig  10  These are 
u derst d as f ws  I  w B regi s the p sitive 

 drift verc es the egative  i duced r tati  a d 
the et ti  is i  the p sitive  directi  But as the 
e ectr  exp res the surface a g the fie d i es  it g es 
t  regi s f higher B  which reduces the  drift  The 
para e  ve city  h wever  d es t decrease appreciab y 
because e ectr s sub ect t  such effects have very s a  

ag etic e ts  This eads t  a et egative  ti  
Averaged ver a t r ida  peri d  the e ectr  experie ces 
a s w p ida  ti  i  e directi  Because f this 
s w p ida  ti  the radia  drifts accu u ate a d the 
e ectr  ves radia y ut (i ) c seque t y gai i g ( s
i g) i etic e ergy  At s e p i t the i etic e ergy is 
arge (s a ) e ugh t  reverse this t r ida y averaged 

p ida  ti  a d the e ectr  c ses its ba a a i e 
rbit  The width f these ba a a rbits is very arge  a d 

e ectr s ca  be st if the rbits i tersect with the p as a 
b u dary

We ust e phasi e the fact that a th ugh they  si i
ar  these ba a a i e rbits are very differe t fr  the 

es f u d i  t a a s  I  t a a s  ba a a rbits are 
due t  t r idicity a d the directi  f the shift fr  the 
f ux surface depe ds  the sig  f the i itia  para e  
ve city f the partic e  Here ba a a i e rbits are due t  

Fig  9  Deteri rati  f the ss c e resu ti g fr  res
a t e ectr s i  the case f a str g a d pure y radia  

e ectric fie d  B th p ts are at the sa e cati  at a i i
u  f B  the surface    0 7b T p  B  0 1 T a d is 

far fr  res a ce  b tt  res a ces with B  0 01 T

E B

E B

vE B
E
B
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v v||
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B
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v|| vth T m

ND
2 L a

Fig  10  Tw  ba a a i e  rbits starti g at the sa e i itia  
cati  a d with the sa e i itia  pitch (1)  The y 

differe ce is the i itia  i etic e ergy  4 eV ( eft) a d 16 eV 
(right)  C r de tes ti e

E B

E B
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res a ces i  the p ida  ti  a d ccur f r c u ter
passi g e ectr s y  the directi  f the shift depe ds 

 the i itia  para e  i etic e ergy f the e ectr  If the 
e ectr  is b r  with itt e para e  i etic e ergy  its i itia  
p ida  ti  is i  the p sitive directi  whereas if it 
is b r  with a t f para e  i etic e ergy  its i itia  
p ida  ti  is i  the egative directi

5  E ectr  rbits with p te tia  c sta t 
 surfaces

We w tur  t  the st c p icated case f a  e ectr
static p te tia  depe di g  a  three space c rdi ates  
as is the case i  C T  A th ugh p te tia  variati s  
surfaces are esse tia y abse t i  quasi eutra  p as as i  
equi ibriu  they are i here t t  eutra  p as as i  
equi ibriu   ag etic surfaces  I  quasi eutra  p as as  
p te tia  variati s ay be prese t dy a ica y a d at 

wer va ues i  the f r  f e ectr static turbu e ce

Variati s i  the e ectric p te tia  i  the p ida  directi  
create radia   drift  This drift d es t depe d  the 

i etic e ergy f the e ectr  as ag etic drifts d  Eve  
w e ergy e ectr s ca  a e sig ifica t radia  excur

si s  A d by d i g s  they ca  pic  up i etic e ergy 
fr  the e ectric fie d a d effective y i crease their ag
etic drifts

The c bi ati  f a  these effects a es a a ytica  ca
cu ati  i practica  The c p exity f the rbits is i us
trated i  Fig  11  where we p t the tra ect ry f the sa e 
e ectr  as i  Fig  2 a d Fig  5 but i  a p te tia  
( ) typica  f C T bef re the i sta ati  f c
ducti g b u daries

u erica  i tegrati  f the rbits f 4 eV e ectr s 
started  differe t surfaces sh ws that there exists a arge 
fracti  f u c fi ed rbits exists eve  deep i side the 
p as a (see Fig  12)

I tuitive y this is u derst d as f ws  With ut e ectric 
fie d a d eg ecti g ag etic drifts  e ectr s circu ate a  
ar u d ag etic surfaces f wi g fie d i es  w if 
there is a  e ectric fie d  e ectr s a s  experie ce  
drift  equip te tia  surfaces because 

   s  that 
 A d if the equip te tia  surfaces d  t 

atch ag etic surfaces  e ectr s ca  u derg   
drift fr  e ag etic surface t  a ther  After a few 
steps f u pi g fr  e surface t  the ther a  e ectr  
ca  fi d its way ut f the p as a (see Fig  13)  Si u a
ti s sh w that this pr cess is quite effective a d ca  
re ve e ectr s fr  the p as a i  te ths f icr sec

ds (see Fig  12)

Fig  11  C p icated rbit f a  e ectr  i  the rea  p te
tia  f C T  c sta t  ag etic surfaces  The e ec
tr  b r  at    0 5b with W   4 eV e ds up bei g st  
C r c rresp ds t  ti e  b ue is t  0  red is t  t ut

E B

Fig  12  Fracti  f c fi ed e ectr s i  the case f a  
e ectric p te tia  with sig ifica t variati s  surfaces  
1000 4 eV e ectr s are started  each surface  sses 
are sig ifica t eve  deep i  the p as a

   

E B

vE B E B B2  B B2–
vE B  0

E B
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6  C c usi
The str g radia  e ectric fie d created by charge i ba
a ce i  C T has bee  sh w  t  great y i pr ve the rbits  
as expected  H wever  tw  ai  echa is s have bee  
ide tified that ca  create bad rbits i  C T despite this 
arge radia  e ectric fie d  First  eve  whe  the e ectric 

p te tia  is perfect y c sta t  surfaces  t r ida  res
a ces ccurri g at w ag etic fie d B that destr y rbit 

c fi e e t  Sec d  c sta cy f the e ectric p te
tia   surfaces a s  creates bad rbits  The e ectric p te
tia  used i  Secti  5 is the p te tia  i  C T with 
e ectr static b u dary c diti s i p sed by the c i s a d 
the vacuu  cha ber  The rece t i sta ati  f a c duct
i g b u dary surr u di g the p as a sh u d the  c sid
erab y i pr ve the rbits  I deed  eve  if this d es t 

a e the p te tia  perfect y c sta t  surfaces  it cer
tai y great y reduces the variati s  surfaces  Experi

e ta  a d u erica  w r  is curre t y bei g carried ut 
t  characteri e re precise y h w the p te tia  at the 
p as a b u dary is affecti g the rbits a d tra sp rt i  
C T

Ac w edg e ts
This w r  is supp rted by the ati a  Scie ce F u da
ti Depart e t f E ergy Part ership i  Basic P as a 
Scie ce u der Gra t SF PHY 06 13662

Benoit Durand de Gevigney, Thomas Sunn Pedersen, 
and Allen H. Boozer
Applied Physics and Applied Mathematics Department
Columbia University, New York, New York 10027
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