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CSX Review
A subc ittee f the U S  Fusi  E ergy Scie ces Advi
s ry C ittee (FESAC) rep rted c c usi s f a sci
e ce a d pr gra  review f the ati a  C pact 
Ste arat r Experi e t ( CSX)  ct ber 23  2007  The 
c ittee exa i ed the scie tific issues f r c pact ste
arat rs  the r e f CSX i  the i ter ati a  c text  a d 

the pti s f r pursui g c pact ste arat r research  
They c c uded that CSX w u d have a pr f u d i pact 

 ste arat r research w r dwide  ti g that its c pact 
quasi axisy etric desig  is u ique i  the w r d pr
gra

The FESAC scie ce review is e f a series f reviews 
c ducted this year i  resp se t  CSX c structi  c st 
a d schedu e issues  The CSX vacuu  vesse  14 f the 
18 du ar c i s (see Fig  1)  a d 4 f the 18 t r ida  fie d 
c i s have bee  fabricated  a d asse b y activities have 
begu  I  August  D E's ffice f Scie ce reviewed a 

ew p a  f r c p eti g c structi  a d prepari g f r 
the first p as a heati g research ca paig  The pr ect 
prese ted a schedu e with first p as a i  2012 a d the first 
heati g ca paig  i  2013  The review tea  f u d that 
c p eti  f the pr ect withi  the ew c st a d schedu e 
esti ates is achievab e  A  additi a  review  f cusi g  
detai ed e gi eeri g desig  a d c structi  issues  is 
p a ed f r ear y ve ber  It is expected that the D E 
wi  a e decisi s  the future f the CSX pr ect i  
the ext few ths

re i f r ati  ab ut CSX a d s ides f r the upc
i g c structi  review ca  be f u d at 
http csx ppp g v

G. H. Neilson
Princeton Plasma Physics Laboratory
Princeton, NJ 08543-0451 USA
E-mail: hneilson@pppl.gov

Fig  1  C structi  f the 14th du ar CSX c i  is 
u derway

I  this issue   
CSX Review

The CSX pr ect is u derg i g a series f reviews i  
resp se t  c structi  c st a d schedu e issues  1

The ry f ste arat rs a d t a a s i  three 
di e si s
The STAB c puter c de s ves the HD equi ib
riu  equati s i  a c servati  f r  that captures 
f rce ba a ce c rrect y  This 3D eth d pr duces 
i teresti g resu ts f r b th the HD ste arat r a d the 
ITER t a a  2

bservati  f a  i purity h e structure i  
HD

The pr fi es f i  te perature  t r ida  r tati  ve c
ity  a d carb  i purities were easured usi g ta
ge tia  i es f sight  The i purity pr fi e bec es 
extre e y h w whe  the i  te perature gr ws 
higher i  the decay phase f the e ectr  de sity at 
0 65 s after carb  pe et i ecti  6
A  pi i s expressed herei  are th se f the auth rs a d sh u d t be repr duced  qu ted i  pub icati s  r 
used as a refere ce with ut the auth r’s c se t

a  Ridge ati a  ab rat ry is a aged by UT Batte e  C  f r the U S  Depart e t f E ergy
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Ste a
The ry f ste arat rs a d 
t a a s i  three di e si s
The STAB c puter c de app ies the HD variati a  
pri cip e t  ca cu ate equi ibriu  a d stabi ity f t r ida  
p as as i  three di e si s  Differe tia  equati s are 
s ved i  a c servati  f r  that describes f rce ba a ce 
c rrect y acr ss is a ds that are treated as disc ti uities  
The eth d has bee  app ied t  ste arat rs  i c udi g 

HD  a d t a a  c figurati s such as DIII D a d 
ITER  Despite the si p icity f the de  g d c rre a
ti  has bee  btai ed with bservati s fr  experi

e ts

S eti es the s uti  f the equati s tur s ut t t  be 
u ique  a d bifurcated equi ibria that are i ear y sta
b e ay exist whe  the ry predicts i ear i stabi ity  The 
a a ysis sh ws that t a a  c figurati s such as ITER 
d  t re ai  axia y sy etric at fi ite beta  f r they 
deve p he ica  is a ds  which ay a ifest the se ves 
experi e ta y as e c assica  teari g des ( T s) a d 
edge ca i ed des (E s)  These resu ts tivate a 
c ti ui g search f r i pr ved ste arat r c figurati s 
that e p y re ative y si p e c i s t  ge erate g d f ux 
surfaces eve  at the w aspect rati s typica  f a t a a  
retai  the fav rab e high beta equi ibriu  a d stabi ity 
characteristics f HD  a d pr ise reduced tra sp rt by 
virtue f quasiaxia  sy etry (QAS)

The axwe  stress te s r e ab es e t  put the differe
tia  equati s describi g f rce ba a ce i  the c servati  
f r

C parab e fi ite differe ce equati s  su ed ver a 
test v u e  te esc pe d w  t  a c rrect state e t f f rce 
ba a ce ver the b u dary  I  this way we capture disc
ti uities i  C ebsch s uti s

f the HD variati a  pri cip e

f r a p as a with separatrix defi ed by the F urier series

Is a ds ccur where the spectru  B  defi ed by

activates s a  de i at rs f the para e  curre t

A  exa p e f a disc ti u us s uti  ccurs i  the RFP 
de  pr b e

   

These equati s have bee  i p e e ted i  the STAB 
c puter c de  The acc pa yi g figures de strate 
c de resu ts f r HD a d ITER
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Fig  1  P i car  secti s f the f ux surfaces f a bifur
cated  i ear y stab e HD equi ibriu  at  β  0 048  The 
ripp e i  the f ux surfaces  the right suggests that ba

i g des appear i  the s uti  but a re iab e predic
ti  f the i it ca t be ade with ut re i f r ati
ab ut the experi e t  The existe ce f severa  s uti s f 
the idea  HD equi ibriu  equati s is c sidered t  be 
evide ce f i ear i stabi ity
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Fig  2  Cyc es f a ca cu ati  f the e ergy c fi e e t 
ti e τE i  i isec ds f r a eutra  bea  i ecti  ( BI) 
sh t f the HD experi e t usi g a quasi eutra ity a g
rith  t  ad ust the e ectric p te tia  Φ  sci ati s f Φ 
a g the ag etic i es pr duce rea istic tra sp rt  s  
there is g d agree e t with the bserved va ue  Resu ts 
fr  the HD experi e t have served t  va idate the 
u erica  si u ati s f equi ibriu  stabi ity  a d tra sp rt 

that are pr vided by ru s f the STAB a d TRA  c
puter c des  The TRA  c de de s ther a  tra sp rt by 
perf r i g a ra d  wa  a g c p icated rbits f the 
i s r e ectr s  which are f u d fr  Ru ge utta s u
ti s f a syste  f rdi ary differe tia  equati s f r
guidi g ce ters  The resu ts depe d pri ari y  the ag
etic spectru  f the p as a  which is btai ed fr  ru s 
f the STAB c de

Fig  3  F ur P i car  secti s f the ag etic surfaces 
ver e f three artificia  fie d peri ds f a bifurcated  

i ear y stab e ITER equi ibriu  at β  0 03 with 0 9  ι  
0 4  The ripp e i  the f ux surfaces suggests that there ay 
be T s a d E s i  this three di e si a  s uti  f a  
axia y sy etric pr b e  Exte sive studies f u erica  
exa p es pr duce a p e evide ce that bifurcated equi ib
ria ca  be expected t  appear i  st t a a  pr b e s  
s  pr visi  sh u d be ade f r that  C verge t ru s f 
the STAB c de ca  capture is a ds wh se widths are 
s a er tha  the radia  esh si e a d c pute bifurcated 
equi ibria i  exa p es where there is argi a  i ear i sta
bi ity  but g ba  i ear stabi ity  f the idea  HD de
rat r ews 3 ct ber 2007
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Fig  4  P i car  secti  f the f ux surfaces f a bifurcated 
ITER equi ibriu  at β  0 027 with et curre t bri gi g the 
r tati a  tra sf r  i t  the i terva  0 93  ι  0 37  There 
are he ica  is a ds i  this three di e si a  s uti  f a  
axia y sy etric HD pr b e  which ay de  E s  
A f rci g ter  was used ear y i  the ru  t  trigger a de 
that appears as a disc ti uity i  the three di e si a  
s uti  This d ub e precisi  ca cu ati  c verges t  the 
eve  f r u d ff err r  sh wi g that the discrete pr b e  
has bee  s ved  Is a ds are captured u erica y by fi ite 
differe ce equati s i  a c servati  f r  that w r s 
despite the ested surface hyp thesis prese t i  ur ath
e atica  f r u ati  f the pr b e  The resu ts are p ausi
b e  the g ti e sca e f a ag etic fusi  react r

Fig  5  Cyc es f a ca cu ati  f the e ergy c fi e e t 
ti e τE (i  i isec ds) f r the ITER t a a  usi g a 
quasi eutra ity a g rith  t  ad ust the e ectric p te tia  Φ  
The three di e si a  effect f ripp e ass ciated with a 
syste  f y 12 t r ida  c i s has bee  i tr duced t  
drive the radia  e ectric fie d a d cause the p as a t  spi  
It is t c ear that tw di e si a  de s adequate y 
describe tra sp rt i  t a a s  The e ergy c fi e e t 
ti e is ca cu ated fr  a  e pirica  re ati ship with the 
partic e c fi e e t ti e  With ut three di e si a  ter s 
we have t bee  ab e t  rec ci e discrepa cies betwee  
the i  a d e ectr  c fi e e t ti es that are c puted 
by the te Car  eth d i  t a a s

Fig  6  Diagra  f a c pact ste arat r with tw  fie d peri
ds  The c r ap f the p as a disp ays a QAS f the 
ag etic spectru  that e ha ces c fi e e t  The 12 
derate y twisted c i s ge erate a ag etic fie d 

desig ed t  eep the p as a i  stab e equi ibriu  sepa
rated fr  ateria  wa s  The side view f this pti i ed 
c figurati  sh ws that there is a p e space betwee  the 
c i s f r BI heati g  A udici us y pti i ed QAS ste ara
t r ay verc e p r tra sp rt a d w i  te perature 
bserved i  c ve ti a  ste arat rs  a d with the p r 

stabi ity a d E  crashes bserved i  t a a s
rat r ews 4 ct ber 2007
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Fig  7  F ur ut f 12 du ar c i s f the HH2 ste arat r 
i  a vacuu  ag etic fie d defi ed by e e e tary p te tia  
the ry  The c i s at the sides f the diagra  are cated at 
c r ers ver the fu  t rus  s  the dista ces betwee  a  the 
c i s ca  be esti ated fr  the figure  udici us fi teri g f 
the F urier series used t  ca cu ate fi a e ts specifyi g the 
ge etry f the c figurati  defi es shapes that are t 
excessive y twisted  Para eters have bee  ad usted t  
pr vide a p e space ar u d each c i  a d the aspect rati  
f the p as a is 2 5  The spaci g is adequate f r superc

ducti g c i s i  a react r with a a r radius f 7  r 8  
but there is difficu ty fitti g the c i s t gether i side a s a  
experi e t at high ag etic fie d  Thr ugh rigid ti s  
f ur c pies f the quadra t f c i s sh w  i  the p t ca  be 
c bi ed t  give a  accurate picture ver the fu  t rus

Fig  8  Cr ss secti  f a i e traci g ca cu ati  f r a QAS 
ste arat r disp ayi g curves that defi e the c tr  surface 
f r the c i s a d the shape f the p as a  t gether with 

ag etic i es c puted at β  0  The f ux surfaces a d 
is a ds utside the separatrix sh w that the ag etic fie d 
is we  rga i ed f r a divert r  This w r s because s th 
c i s were f u d t  pr vide the exter a  fie d c fi i g the 
p as a  It is esse tia  t  ch se the c i s b th s  that the 
ste arat r ca  be c structed with ut t  uch difficu ty 
a d s  that the f ux surfaces re ai  r bust whe  rea istic 
cha ges are ade i  physica  para eters  The f r u as 
that we app y t  represe t the p as a surface a d the 
shape f the c i s are tivated by a w edge f i terp
ati  a d appr xi ati  i  the the ry f a a ytic fu cti s 
f a c p ex variab e
rat r ews 5 ct ber 2007



Ste a
bservati  f a  i purity 
h e structure i  HD
It is desirab e t  i i i e i purities i  the c re f a h t 
fusi  p as a because i purities cause reducti  f the 
fusi  p wer de sity by e ha ci g the c i g f the 
p as a by radiati  a d a s  by di uti g the hydr ge  fue  
Theref re  i purity pr fi es have bee  bserved with ee  
i terest because the tra sp rt a d behavi r f i purities 
str g y affect the characteristics f the p as a i  ag et
ica y c fi ed fusi  experi e ts  Here  we rep rt that a  
extre e h w pr fi e f the i purity carb  has bee  
bserved i  a high i te perature p as a i  the arge 

He ica  Device ( HD) i  T i  apa  

Rece t y  a ta ge tia  i e f sight charge excha ge spec
tr eter (CXS) was i sta ed  HD as sh w  i  Fig  1  
E issi  fr  charge excha ge f carb  with a 40 eV 

eutra  bea  (B 4) are ed t  the fiber bu d e by ptics 
i sta ed i  the view p rt f r the ar r ti e it r at B 3  
A dichr ic fi ter is used t  separate the ight i t  a visib e 
c p e t f r the CXS a d a  i frared (IR) c p e t 
f r the IR ca era  The ta ge tia  i e f sight has the 
adva tage that the i e i tegrated sig a  f charge
excha ge e issi  is ess affected by the i purity pr
fi es  whi e the ce tra  charge excha ge e issi  is 
d i a t  the i e i tegrated sig a  usi g a p ida  i e 
f sight whe  the i purity pr fi e bec es extre e y h
w  A  i purity h e is c ear y bserved i  a discharge 

with i ecti  f a si g e carb  pe et  which is i te ded 
t  i crease the dep siti  f the high e ergy eutra  bea  

( 160 eV) a d t  i crease the i  te perature  The ag
etic fie d stre gth B0  −2 676 T  the p siti  f ag
etic axis Rax  3 6  the pitch para eter γ  1 254  a d 

the ca ce i g rate f the quadrup e fie d Bq  100%

Figure 2 sh ws the ti e ev uti  f the i e averaged 
e ectr  de sity easured with the far i frared (FIR) i ter
fer eter  eutra  bea  i ecti  ti es are i dicated by 
the bars at the t p i  Fig 2  a d the carb  pe et i ecti  
ti es a d the CXS easure e t ti es are i dicated with 
the arr ws  The e ectr  de sity rapid y i creases ust 
after the i ecti  f the carb  pe et at 0 8 s a d the  
decreases  a ti e sca e f a few hu dred s  whi e the 
p as a is sustai ed with three ta ge tia y i ected ega
tive i  s urce eutra  bea s (B 1  B 2  B 3)  a d a 

du ated eutra  bea  which has a p sitive i  s urce 
(B 4)  B 4 has bee  du ated t  be  f r 100 s a d 

ff f r 100 s t  pr vide the b th the sig a  a d the bac
gr u d f r CXS  The i  te perature i creases duri g the 
decay phase f the e ectr  de sity  Figure 3 sh ws the 
pr fi es f the i  te perature a d the t r ida  r tati  
ve city  The i  te perature pr fi e cha ges duri g the 
decay phase f the e ectr  de sity  The i  te perature 
gradie t after t  1 45 s bec es re steep ar u d R  
4 1  a d bec es re gradua  utside R  4 3  c
pared with the i  te perature pr fi e at t  1 25 s  This 
suggests that there is a  i pr ve e t f i  tra sp rt 
i side the p as a  It is a s  bserved that the str g t r i
da  r tati  is drive  i  the c directi  by the eutra  
bea s ass ciated with the i crease f the i  te perature

Fig  1  Ta ge tia  i es f sight f r charge excha ge spec
tr sc py  HD

λ=500~700 nm

λ=8~14 m

Toroidal CXS system

IR camera for armor tile monitor

Dichroic Filter

Tangential lines of sight

μ

Fig  2  i e averaged e ectr  de sity easured with FIR 
i terfer eter  The bars at the t p i dicate the durati s f 
eutra  bea  i ecti  fr  each bea i e
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Figure 4 sh ws the ti e ev uti  f the de sity f the 
carb  i purity at differe t radia  p siti s  Decay ti es 
f the carb  i purity i  the i er regi  (R  3 9  4 1 
) are uch sh rter tha  i  the uter regi  (R  4 5  

4 6 )  The pr fi e bec es perfect y h w at t  1 65 s  
whi e it is pea ed at t  1 25 s  Figure 5 sh ws pr fi es f 
carb  de sity a d e ectr  de sity  B th are bserved t  
be pea ed at t  1 25 s  The pr fi e f the carb  i purity 
is bserved t  be extre e y h w  whi e the e ectr  
de sity is bserved t  be pea ed r a st f at at t  
1 65 s  This suggests that a str g utward f w f i puri
ties ay sustai  the h w pr fi es  The rati  f carb  

de sity t  i  de sity reached 0 3% at the p as a ce ter  
a d 10% ear the edge (R  4 4 )

I  su ary  carb  i purity pr fi es have bee  easured 
with CXS usi g the charge excha ge i e f fu y i i ed 
carb  with a t r ida  i e f sight  The i purity pr fi e 
bec es extre e y h w  whi e the i  te perature 
i creases duri g the decay phase f the e ectr  de sity i  
this experi e t  The rati  f carb  de sity t  i  de sity 
was 0 3% at the p as a ce ter with the i purity h e  The 
i purity h e is c sidered t  be be eficia  f r the fusi  
p as a  

Mikirou Yoshinuma
National Institute for Fusion Science
Toki, Japan
E-mail: yoshinuma@nifs.ac.jp

Fig  3  Pr fi es f (a) i  te perature a d (b) t r ida  r ta
ti  ve city at t  1 25 s (circ es)  1 45 s (squares)  a d 
1 65 s (tria g es)
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Fig  4  Ti e ev uti  f carb  i purity de sity at R  
3 9  (circ es)  R  4 1  (squares)  R  4 5  (tria g es)  
a d R  4 6  (dia ds)
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Fig  5  Pr fi es f (a) carb  de sity a d (b) e ectr  de
sity at t  1 25 s (circ es) a d t  1 65 s (tria g es)
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