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High i  te perature p as a 
pr ducti  i  HD
I  te perature Ti has bee  successfu y i creased i  the 

arge He ica  Device ( HD) i  T i  apa  I  FY 2006 
(the 10th experi e ta  ca paig )  Ti exceeded 5 eV at a  
average p as a de sity e f 1 2 × 1019 −3  a d it has 
exceeded 6 eV at e  2 × 1019 −3 i  FY 2007 (the 11th 
ca paig )  These achieve e ts have de strated the 
capabi ity f high Ti p as a c fi e e t i  he ica  
devices  which eads t wards a he ica  fusi  react r  I  
this rep rt  we su ari e the high ights f high Ti p as a 
pr ducti  experi e ts i  FY 2006  Further pr gress i  
FY 2007 wi  be rep rted s ewhere i  the ear future  

The Setup f r I  Heati g Experi e ts i  HD
The st p werfu  heati g syste  i  HD is egative
i based eutra  bea  i ecti  ( BI)  pr vided by three 
ta ge tia  i ect rs with i a  hydr ge  i ecti  
e ergy f 180 eV 1  The t ta  i ecti  p wer fr  ta
ge tia  BI has reached ab ut 14 W  e i ect r (#2) 
has the pp site i ecti  directi  t  the ther tw  i ec
t rs (#1 a d #3)  A w e ergy p sitive BI syste  (#4) 
with perpe dicu ar i ecti  beca e perati a  i  FY 
2005  a d it achieved 40 eV 7 W i ecti  i  FY 2006

T  de strate high Ti p as a c fi e e t capabi ity i  
HD  high  (such as e a d Ar) p as as with w i  

de sity (i  the ra ge f 1017 −3) were previ us y used as 
targets whe  y ta ge tia  BIs were avai ab e  t  effec
tive y i crease the abs rpti  p wer per i  With this 
appr ach Ti f ab ut 13 5 eV was successfu y de
strated 2  This successfu  pr f f pri cip e experi e t 
f r high Ti p as a c fi e e t has ed t  the i sta ati
p wer i crease f a w e ergy BI syste  t  direct y 
i crease the i  heati g p wer  As ted ear ier  bea  #4 
is perpe dicu ar y i ected  e ab i g charge excha ge 
rec bi ati  spectr sc py (CXS) easure e t with a 
t r ida  i e f sight f r radia  pr fi es f Ti a d t r ida  
r tati  ve city (Vt)  eve  i  cases i  which i purity c
te t (uti i ed f r easure e t) has a h w de sity pr
fi e  A sche atic view f the BI c figurati  a d CXS 

syste  is pr vided i  Ref  3  I f r ati   the Ti a d 
Vt pr fi es e ha ces the physics u dersta di g f the c
fi e e t characteristics f he ica  p as as

Heati g i  the i  cyc tr  ra ge f freque cy (ICRF) 4  
ca  a s  be uti i ed because the target p as as f r high Ti 
experi e ts i  HD are w the ighter i  species  such 
as hydr ge  a d r he iu  A t ta  i  cyc tr  heati g 
(ICH) p wer f ab ut 2 W (38 47 H ) was i ected 
thr ugh f ur a te as usi g the i rity i  heati g 

de  

I  additi  e ectr  cyc tr  heati g (ECH) has bee  
rec g i ed as a  effective way t  i pr ve i  c fi e

e t i  the c re regi  thr ugh the appeara ce f the e ec
tr r t radia  e ectric fie d (Er) 2  This effect was 
c ear y rec g i ed at e  0 3 × 1019 −3 i  high  p as

as  Si ce the target de sity f r the high Ti hydr ge  
p as a pr ducti  experi e ts described i  this rep rt is 
ab ve 1019 −3  c ear effects f ECH  i  e ergy c
fi e e t have t yet bee  bserved  a th ugh a  i crease 

I  this issue   
High i  te perature p as a pr ducti  i  HD
I  te perature (Ti) has bee  successfu y i creased 
i  the arge He ica  Device ( HD) i  T i  apa  I  
FY 2006 (the 10th experi e ta  ca paig )  Ti 
exceeded 5 eV at a  average p as a de sity ( e) f 
1 2 × 1019 −3  a d it has exceeded 6 eV at e  2 × 
1019 −3 i  FY 2007 (the 11th ca paig )  These 
achieve e ts have de strated the capabi ity f 
high Ti p as a c fi e e t i  he ica  devices  which 
eads t wards a he ica  fusi  react r  I  this rep rt  
we su ari e the high ights f high Ti p as a pr
ducti  experi e ts i  FY 2006  Further pr gress 
achieved i  FY 2007 wi  be rep rted i  the ear 
future   1
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Ste a
i  the Ti gradie t (i  discharges with Ti i  the ra ge f 1 
eV) at the c re regi  was bserved  

These heati g eth ds were app ied i  reduced he ica  
ripp e ag etic c figurati s with Rax i  the ra ge 
3 575−3 65  a d ag etic fie d stre gth (B) f 2 7−
2 85 T  Here Rax is the vacuu  ag etic axis p siti  T  
c diti  the wa  f r high Ti experi e ts He g w dis
charge c ea i g is usua y perf r ed duri g the previ us 

ight  a d tita iu  getteri g is d e the r i g f the 
perati a  day t  reduce the high  i purity i f ux a d t  
a e the de sity easier t  c tr  

The Heati g Sce ari  f r High Ti Experi e ts 
i  HD
ECH is app ied f r p as a start up  It is i p rta t t  grasp 
the i  heati g capabi ity f i ect r #4 si ce its i ecti  
p wer Pi  has bee  i creased  The c re Ti va ues ea
sured by the crysta  spectr eter 5  (with y i ect r #4 
i  perati ) are su ari ed i  Fig  1  where the c re Ti 
is p tted as a fu cti  f i heati g p wer Pi (r ugh y 
esti ated as 80% f the dep siti  p wer) r a i ed by 
i  de sity  I creasi g Pi i pr vides a steady i crease i  
c re Ti as sh w  by data c usters f r Pi   1 4 (gree  
squares)  2 2 (gree  circ es)  a d 5 W  exceedi g 2 eV 
with y the i ect r #4  F r Pi   5 W  the heati g 
capabi ity was exa i ed i  detai  t  e ucidate a fav rab e 
heati g sce ari  e is the sce ari  f ECH → high
e ergy BI → w e ergy BI” (b ue tria g es) a d the 
ther is ECH → w e ergy BI” (red circ es)  The atter 

sce ari  gives higher Ti i  ge era  i dicati g that w
e ergy BI i ected ust after the ECH phase is usefu  t  
prepare” base high Ti p as as  A th ugh the reas  f r 

this fi di g has t yet bee  fu y u derst d  preve ti  
f h w de sity pr fi es (typica y see  with ta ge tia  
BI) a d r eepi g the e ectr  te perature Te w 

(high e ergy BI pri ari y heats e ectr s) ight be 
p ausib e exp a ati s  

ICH is a s  a ticipated t  i crease Ti i  hydr ge he iu  
p as as  De sity sca  experi e ts were perf r ed by 
usi g a i rity i  heati g sce ari  (he iu  as i rity 
i ) with a res a ce regi  c se t  the ag etic axis 
(38 47 H )  The i ecti  p wer reached 2 W  Figure 
2 sh ws Ti easured by crysta  spectr sc py as a fu cti  

f i e averaged de sity f r severa  heati g sce ari s  The 
resu ts with y BI (b th high  a d w e ergy bea s) 
are sh w  by b ac  circ es  th se with high e ergy bea s 
a d ICH by b ue circ es  a d th se with ICH y by red 
circ es  It is difficu t t  easure the c re Ti f r cases with 
sig ifica t y h w i purity pr fi es (crysta  spectr s
c py easure e t use the Ar i e)  which fte  ccur as 
Ti bec es higher (the s ca ed i purity h e) 3  Thus  
Ti va ues i  this figure (especia y at higher Ti) ay i di
cate the va ues  f r exa p e  at id radius where the 
i purity i e i te sity is adequate f r the easure e t  

Thus  the actua  Ti i  the c re regi  see s t  be higher 
tha  p tted i  Fig  2  H wever  the ge era  resp se f Ti 
t  heati g sce ari  ca  be see  fr  this figure  The effec
tive i crease f Ti with ICH (f r exa p e  red circ es) is 

bserved at e  1 × 1019 −3  C pared t  this  BI 
effective y heats the hydr ge  i s whe  e > 
1 × 1019 −3  as i dicated by pe  circ es  This figure 
c ear y i dicates that the superp siti  f ICH f r high Ti 
p as a pr ducti  sh u d be effective whe  e  1 × 
1019 −3  

Fig  1  C re Ti (with the i ect r #4 y) as a fu cti  f 
i  heati g p wer r a i ed by i  de sity f r cases with 
Pi   1 4 (gree  squares)  2 2 (gree  circ es)  a d 5 W  
I  the case f Pi   5 W  data f r tw  heati g sce ari s 
are sh w  e is ECH → high e ergy BI → w e ergy 

BI” (b ue tria g es) a d the ther is ECH → w e ergy 
BI” (red circ es)
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Ste a
High Ti Hydr ge  P as a Pr ducti  i  HD
Based  the ab ve e ti ed c structive i f r ati  
f r high Ti p as a pr ducti  high Ti hydr ge  p as as 
(exceedi g 5 eV) were successfu y de strated i  

HD  

Figure 3 sh ws the detai s f a 5 2 eV discharge at e  
1 2 × 1019 −3  where the f wi g resu ts are sh w  (a) 
the heati g sce ari  (b) Ti ( easured by CXS)  (c) Te 
( easured by Th s  scatteri g) a d (d) Vt (i duced by 
CXS) pr fi es  The ag etic c figurati  is character
i ed by Rax  3 575  with B  −2 769 T (B directi  
reversed)  which a es i ect rs #1 a d #3 i t  c i ec
t rs a d #2 i t  a c u ter i ect r  I ect r #4 c sists f 
f ur i  s urces with the tw  i depe de t y peratab e 
p wer supp y syste s (4A a d 4B)  This f exibi ity was 
uti i ed t  du ate e f p wer supp ies (i  this case  
4B) f r i ecti  at a 100 s i terva  t  btai  the bac
gr u d sig a s  as see  at the b tt  f Fig  3(a)  I ect r 
#4 was used fr  0 5 s ( ust after ECH ff) f r 1 s  with 
superp siti  f i ect rs #1−#3 fr  0 9 s ward

 

Fig  2  Ti as a fu cti  f i e averaged de sity f r severa  
heati g sce ari s  The resu ts with y BI (b th high  
a d w e ergy bea s) are sh w  by b ac  circ es  th se 
with high e ergy BI a d ICH by b ue circ es  a d th se 
with ICH y by red circ es
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Fig  3  (a) The heati g sce ari  (b) Ti  (c) Te  a d (d) Vt 
pr fi es f a 5 2 eV discharge heated y by BI
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Ste a
ICH was t app ied i  this exa p e  At t  0 75 s  with 
i ect r #4 a e  Ti reaches ab ut 1 6 eV with c para
b e Te  The de sity pr fi e at this ti e is pea ed due t  the 
partic e fue i g fr  i ect r #4 6  a d Vt is rather s a  
( ess tha  10 s)  ce the i ect rs #1−#3 are i ected 
with a superp siti  f i ect r #4  Ti i creases a d 
reaches 5 2 eV at the c re regi  with a  appare t cha ge 
f the gradie t ar u d R  4 3  This cha ge f the Ti 

gradie t i dicates that i  e ergy c fi e e t is i pr ved 
at the i er regi  I  this high Ti phase  Ti exceeds Te 

3 5 eV at the c re regi  as see  i  Fig  3(c)  The 
de sity pr fi e te ds t  bec e f at t  h w  which is a 
typica  tre d f r p as as heated by high e ergy BI i  

HD  Vt is a s  arge y e ha ced i  the c directi  i  
acc rda ce t  the pred i a ce f c i ected bea s  Vt 
at the very c re regi  bec es difficu t t  be deduced 
due t  the ac  f i e i te sity f r the easure e t  H w
ever  at east as uch as 50 s f Vt (ab ut 7% f the 
ther a  ve city f hydr ge  i s at 5 2 eV) is bserved
 

A ther exa p e f a high Ti discharge with ICH at a 
s ight y arger de sity  ab ut 1 6 × 1019 −3  is sh w  i  
Fig  4  (a) the heati g sce ari  (b) Ti  a d (c) Vt pr fi es  
The ag etic c figurati  is Rax  3 6  with B  2 85 T 
( r a  directi  f B) a i g c u ter i ecti  d i
a t (i ect rs #1 a d #3 are c u ter i ecti g)  I  this 

case  ICH (  2 W) is superi p sed  bea  #4 ust after 
ECH ff a d f wed by the further superp siti  f 
bea s #1−#3 fr  1 1 s  Ti exceeds 2 eV duri g the 
app icati  f bea  #4 a d ICH  a d further i creases up 
t  ab ut 5 eV at 200−300 s after the i ecti  f bea s 
#1−#3  te that Ti d es t i crease at t  1 15 s ( ust 
after the i ecti  f bea s #1−#3)  Vt i creases i  the 
c u ter directi  at the ti e f the axi u  Ti  te a s  
that c re Te i creases fr  ab ut 2 eV at t  0 95 s t  
3 5 eV at t  1 35 s  a d the  fa s t  3 eV at t  1 75 s  
Thus  Ti > Te is agai  the case at the ti e f the axi u  
Ti  

De sity sca  experi e ts were a s  perf r ed i  a rity 
hydr ge  p as as with the heati g sce ari  sh w  i  Fig  
3(a)  The resu ts are su ari ed i  Fig  5  where c re Ti 
a d Te are p tted as a fu cti  f the c re e ectr  de sity 
deduced fr  the C 2 aser pu ped far i frared (FIR) 

easure e t 7  It is c ear that Ti exceeds Te at the wer 
de sity regi e a d the  te ds t  bec e c parab e t  Te 
as the de sity is i creased  Ti exceeds 3 eV eve  at e  
3 2 × 1019 −3  This figure su ari es the achieved 
exte si  f high Ti regi e i  the FY 2006 experi e ts i  

HD  

Su ary
High i te perature (exceedi g 5 eV) hydr ge  p as

as were successfu y pr duced i  the FY 2006 experi
e ts i  HD  The i ecti  p wer f the w e ergy BI 

was upgraded t  6−7 W  which effective y e ha ced the 
direct i  heati g p wer  This bea  i e is a s  uti i ed as 

Fig  4  (a) The heati g sce ari  (b) Ti a d (c) Vt pr fi es f 
ab ut 5 eV discharge heated by BI a d ICH
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Ste a
the bservati  bea  f r CXS with a t r ida  i e f sight  
It has pr vided pr fi e i f r ati  ab ut the t r ida  r ta
ti  as we  as the i  te perature  ICH is a s  app ied i  
superp siti  t  BI  t  exte d the de sity regi e f 
p as a with i  te perature f ab ut 5 eV  

Tra sp rt a a yses (with a specia  f cus  ripp e tra s
p rt suppressi  i  the w c isi a  regi e with Ti Te > 
1) rep rted at the APS DPP eeti g i  2007 by the auth r 
(t  appear i  Physics f P as as)  are t repeated here  

It sh u d be ted that as f a uary 2008  the FY 2007 
experi e ts are sti  g i g  a d further i creases i  Ti 
(t  >6 eV) has bee  achieved at e  2 × 1019 −3 with 

re detai ed a d s phisticated uti i ati  f BI p wer 
t  further e ha ce i  c fi e e t  This further pr gress 
wi  be rep rted i  the ear future  

Masayuki Yokoyama for the LHD Experimental Group
National Institute for Fusion Science
Toki, Japan
E-mail: yokoyama@LHD.nifs.ac.jp
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