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- A b s t r a c t :  _ _ _  A t e s t s t a n d  of t h e  nega t ive  ion  besed 
N B I  f o r  t h e  LHD is under  c o n s t r u c t i o n ,  which has  
c a p a b i l i t i e s  of t h e  n e u t r a l  beam 2.5 MW a t  t h e  beam 
energy of 125 keV($) 1 250 keV(Do) w i t h  t h e  p u l s e  
d u r a t i o n  of 10 s e c .  Components f o r  t h e  R&D a r e  as 
f o l l o w s :  (1) a l a r g e  and h igh  c u r r e n t  nega t ive  Ion 
source  which is immersed i n  t h e  vacuum and composed 
of  a compact modular ion  source ,  (2) t h e  beam dump 
t o  remove t h e  high h e a t  f l u x  u p t o  1 .6  kW/cm2, (3) h igh  
pumping speed (450 m3/s) cryopump, (4) 250 kV power 
s u p p l y  system us ing  GTO, and (5) t h e  c o n t r o l l e r  
system t o  v a r y  t h e  beam energy w i t h i n  0.5 sec .  
Tes t ing  w i l l  commence i n  t h e  s p r i n g  of 1992 a t  Toki 
new s i t e .  

1. I n t r o d u c t i o n  

Neut ra l  beam i n j e c t o r  w i t h  t h e  i n j e c t i o n  power 
of 20 MW a t  1251250 keV f o r  t h e  super  conduct ing Large 
H e l i c a l  Device was c o n c e p t u a l l y  designed a t  t h e  
Nat iona l  I n s t i t u t e  f o r  Fusion Science (NIFS) ' ) .  TO 
complete  t h e  NBI f o r  LHD by  1997, t h e  new t e s t s t a n d  
of NBI based on t h e  nega t ive  ions  is under 
c o n s t r u c t i o n .  The o b j e c t i v e s  of t h e  t e s t s t a n d  a r e  
a s  f o l l o w s :  (1) t o  develope f u l l - s c a l e  nega t ive  ion  
source,  (2) t o  t e s t  t h e  beamline components, ( 3 )  t o  
op t imize  t h e  n e u t r a l  beam t r a n s p o r t ,  ( 4 )  t o  develop 
t h e  n e u t r a l i z e r ,  and (5) t o  s o l v e  t h e  technologica l  
problems of t h e  NBI sys tem.  

S p e c i f i c a t i o n  f o r  t h e  t e s t s t a n d  is  l i s t e d  i n  
Table  I .  One of t h e  most i m p o r t a n t  components is 
h i g h  c u r r e n t  nega t ive  ion  source  ( i . e .  45 A(H-)/22.5 
A(E) f o r  f u l l - s c a l e  s o u r c e ) .  The component design 
and t h e  f a b r i c a t i o n  except  f o r  t h e  ion  source a r e  
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based on t h e  e x i s t i n g  technologies  w i t h  a modest 
e x t r a p o r a t i o n ,  which has  been developed i n  t h e  N B I  
w i t h  t h e  p o s i t i v e  ion  source .  

In t h i s  paper ,  t h e  concept  of t h e  t e s t s t a n d  fo r  
t h e  nega t ive  ion  based N B I  and t h e  design of each 
beam1 irie component i n c l u d i n g  t h e  l a r g e  n e g a t i v e  ion  
source  a r e  descr ibed .  

2 ,everal l  design of t e s t s t a n d .  

A schematic  view of t h e  t e s t s t a n d  is shown i n  
Fig.1.  The t e s t s a t n d  has  one ion  source  and one 
beamline,  w h i l e  t h e  one NBI of LHD h a s  two ion  
sources  and two beamlines .  It  has  t h r e e  vacuum 
vesse ls :  t h e  ion  source  vesse l ,  t h e  beam dump vesse l ,  
and t h e  t a r g e t  vesse l .  The negat ive  ion  source  is 
immersed i n  t h e  ion  source  vesse l  and composed of 6 
modular ion  sources .  The e l e c t r o n s  t o g e t h e r  w i t h  
t h e  nega t ive  ions  a r e  e x t r a c t e d  from t h e  ion  source .  
The e l e c t r o n s  a r e  e l i m i n a t e d  by  t h e  e l e c t r o n  beam 
bending magnet i n  t h e  ion  source  vesse l .  They a r e  

Table I. Specification for the Test Stand 

1 .  Ion source Multifilter negative ion source 
immersed in the vacuum 

2 .  Neutral beam power 2.5 M W  
(ion beam power of 5.6 MW) 

3 .  Acceleration energy 125 keV ( phase I ) 
250 keV ( phase I1 ) 

4 .  Pulse duration 10 s. 

5 .  Atom species Ho ( phase I ) 

Do  ( phase II ) 

1 i 7- 
Stage 

\ 

I Ion source Top-flange \ 1 Feedthrough / 

Ion beam dumps Ion beam Electron beam 

Fig .1  Eleva t ion  view Of t h e  t e s t s t a n d .  
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dumped on t h e  e l e c t r o n  beam dump l o c a t e d  on t h e  
bottom of t h e  n e u t r a l i z e r - c e l l .  As t h e  ion source 
is opera t ed  under a f a i r l y  h igh  p res su re  ( -0 .93 Pa ) ,  
a l o t  of nega t ive  ions a r e  l o s t  b y  t h e  c o l l i s i o n s  w i t h  
t h e  n e u t r a l  gases i n  t h e  gap of a c c e l e r a t o r  
e l ec t rodes .  I n  o rde r  t o  reduce t h e  s t r i p p i n g  l o s s e s ,  
a high pumping speed cryopump is i n s t a l l e d  i n  t h e  
ion  source ves se l ,  where t h e  working gas  p re s su re  i n  
t h e  ves se l  is -3.6xlO-*Pa. 

The ion  source ves se l  and t h e  beam dump vesse l  
a r e  connected b y  a long gas -neu t r l i ze r  c e l l ,  where 
t h e  gas- thickness  is 15.4 Pacm. The n e u t r a l i z a t i o n  
e f f i c i e n c y  is correspondingly 0.59, and t h e  beam 
power of unneu t ra l i zed  nega t ive  ion  is  e q u a l  t o  t h a t  
of p o s i t i v e  ion produced i n  t h e  c e l l ,  a s  shown i n  
Fig.2.  Due t o  t h i s  e q u a l i z a t i o n  of each ion beam 
power, t h e  design and f a b r i c a t i o n  of ion beam dumps 
a r e  s i m p l i f i e d .  The ion  beam is s e p a r a t e d  by t h e  
electromagnet  from t h e  n e u t r a l  beam, and impinges 
on each ion beam dump. 

The n e u t r a l  beam power of h ighe r  t h a n  2.5 MW 
is deposi t ioned on t h e  n e u t r a l  beam dump, which is  
i n s t a l l e d  i n  t h e  beam dump vesse l .  The beam power 
and t h e  p r o f i l e  a r e  measured b y  c a l o r i m e t r y  and a 
thermos-couple a r r a y .  The beam dump vesse l  has  a l s o  
t h e  high pumping speed cryopump t o  reduce t h e  
r e i o n i z a t i o n  l o s s  of t h e  n e u t r a l s  du r ing  t h e  beam 
t r a n s p o r t .  The working p res su re  i n  t h i s  ves se l  is  
-1 .5~10-3  Pa.  

The t a r g e t  ves se l  which is connected by t h e  beam 
d r i f t  d u c t  is provided f o r  s t u d y i n g  t h e  beam 
t r a n s p o r t  t h rough  t h e  narrow i n j e c t i o n  p o r t  of LHD. 

Table II. Specification for the negative ion source. 

1. Ion source 

2 .  No. of modulus 

2. Plasma source 

3. Accel. voltage 
4 .  Accel. current 
5 .  Beam divergence 
6 .  Focal length 
7. Negative ion current 

8 .  Extraction grid area 
density 

Multicusp negative ion source, 
immersed in the vacuum chamber. 
6 for full-scale I 2 for 113 scale 
source. 
Pure volume I cesium-seeded 
Gas pressure of -0.93 Pa 
(for reference design). 
125 kV I 250 kV 
45 A (H-) I 22.5 A (D-) 
< 0.5 deg. 
12 m 
30 mA I cm2 

25 cm x 150 cm (full size). 

3. Component d e s c r i p t i o n  

3 . 1  Ion source - ~ _ _ _ _  

Positive ion 
beam dump 1.5~10'~ Pa 

Neutral , 
3 6 ~ 1 0 . ~  Pa - 
I 6250 kW 

Ion source 
-1) Electron 
Negative ion beam dump 
beam dump , 

Ion bending 
magnet magnet 

Electron bendlng 

Fig .  2 An example of computed beam t r a j e c t o r i e s ,  t h e  
power f lows ,  and t h e  gas  p re s su re  i n  t h e  
beamline.  The power of 6250kW is t h e  t o t a l  of 
t h e  nega t ive  ion  power p l u s  t h e  e l e c t r o n  
power(105 assumed).  

advantages;  (1) The s t r i p p i n g  lo s ses  of t h e  nega t ive  
ions woold be reduced because of a low gas p re s su re  
nea r  t h e  a c c e l e r a t o r  e l ec t rodes .  ( 2 )  Ion source 
becomes compact, owing t o  t h e  inc rease  i n  t h e  
wi ths t and-vo l t age .  Th i s  requirement  is impor t an t ,  
because t w o  ion sources  w i l l  be mounted s i d e  by s i d e  
i n  t h e  i n j e c t o r  f o r  LHD, i n  order  t o  i n j e c t  more power 
through small p o r t  w i t h o u t  impinging on t h e  w a l l  
of LHD. ( 3 )  The chamber of t h e  plasma source and 
t h e  ceramics i n s u l a t o r  of t h e  a c c e l e r a t o r  can be 
l i gh t -we igh ted ,  because of mounting them w i t h i n  t h e  
vacuum vesse l  so t h a t  t h e r e  is no p res su re .  ( 4 )  I t  
is f e a s i b l e  for t h e  experiment and is easy  of access ,  

Multiholes 
I /  

Modular- 
Ion source 

Modular- 
Ion source 

Arc chamber 

S p e c i f i c a t i o n  f o r  t h e  nega t ive  ion  source is  . 
l i s t e d  i n  Table  11. The ion source r e q u i r e s  t h e  l a r g e  
ex t r ac t - ion  a r e a  of 2 5 x 1 5 0 "  t o  meet t h e  high c u r r e n t  
of 45 A(H-1  a t  125 keV w i t h  a low beam divergence 
ang le  (<0 .5  deg. ) .  There a r e  a l o t  of t echno log ica l  
problems, i n  a d d i t i o n  t o  t h e  phys ic s  r e sea rch  of t h e  
ion source,  i n  t h e  f a b r i c a t i o n  of such a l a r g e  ion  
source;  f o r  i n s t ance ,  p rec i se  machining of t h e  
e x t r a c t i o n  ho le s ,  and assembling / a l i g n i n g  t h e  G: 
a c c e l e r a t o r ,  and f a b r i c a t i o n  of ex t r eme ly  l a r g e  
ce ramics - insu la to r  which is r equ i r ed  t o  w i t h s t a n d  
bo th  t h e  high e l e c t r i c  p o t e n t i a l  and an  atomospheric 
p re s su re .  Therefore ,  t h e  ion source is composed of 
modular i on  sources ,  and immersed i n  t h e  vacuum. 
They a r e  mounted on t h e  frame-stand w i t h  p i v o t i n g  
s t r u c t u r e ,  i n  t h e  ion  source vessel .  The concept  '- 

handle  s imply ,  and assemble e a s i l y  t h e  l a r g e  ion  Elevation view 
source.  

Magnets 

~ 

760 ~ ~ - 'modular i on  source '  comes from t h e  requirement  t o  .~ ~ ~ ~ _ _  

Ion source immersed i n  t h e  vacuum has  s e v e r a l  F i g . 3  Schematic view of t h e  modular ion sources .  

71 

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on April 08,2010 at 06:42:18 UTC from IEEE Xplore.  Restrictions apply. 



because t h e  most p a r t s  a t  high v o l t a g e  is sea led  i n  
t h e  grounded vacuum v e s s e l .  Technica l  problems of 
t h i s  vacuum-immersed ion  source a r e  t h e  vacuum 
i n t e r f a c e s .  Power and cool ing  w a t e r  connect ions t o  
t h e  modular sources  are made through feedthroughs  
a t  t h e  i n s u l a t e d  f l a n g e .  They do n o t  need t o  be 
disconnected i n s i d e  t h e  vacuum vesse l  i n  t h i s  des ign .  
Ion source components can be taken  away a l l  i n  one 
from t h e  ion  source  vesse l  by  l i f t i n g  t h e  t o p  f l a n g e .  

Schematic views of t h e  modular i o n  sources  a r e  
shown in Fig .3 .  The plasma source  uses  magnetic 
f i l t e r  rods which produce t h e  f i l t e r  f i e l d  of a b o u t  
200 Gcm t o  produce e f f i c i e n t l y  t h e  nega t ive  i o n s  by  
d i s s o c i a t i v e  a t t a c h m e n t  process  o r  volume process .  
Plasma g r i d  can be hea ted  by seeds-heater  up t o  400 
C, and cesium/gas i n t r o d u c t i o n  system are a t t a c h e d  
and dr iven  remote ly  from t h e  o u t s i d e  of t h e  vacuum 
vesse l .  The a c c e l e r a t o r  c o n s i s t s  of 5 e l e c t r o d e s  w i t h  
400 holes  of 9 mm i n  diam. over  t h e  a r e a  of 
25x25(rii' of MO p l a t e .  Gas conductance near  t h e  
a c c e l e r a t o r  e l e c t r o d e s  is increased by  us ing  t h e  p o s t  
i n s u l a t o r s .  The same s c a l e  i o n  source  h a s  been 
a l r e a d y  tes ted"  i n  t h e  a n o t h e r  t e s t s t a n d .  

-~ 3.2 ~~~ Beaniline ~~ and t h e  design of t h e  components 

S p e c i f i c a t i o n  f o r  beamline components i s  l i s t e d  
i n  Table  111. 

_ _  N e u t r a l i z e r :  ~ N e u t r a l i z e r  c e l l  is  a box of 35 
cm wide, 160 cm h e i g h t ,  and 490 cm l e n g t h ,  and 
tapered  o f f  a long  beam a x i s  i n  order  t o  reduce t h e  
conductance. I t  is d iv ided  i n t o  t h r e e  sub-sect ions 

Beam uuir ip  
Plan view vessel I 

I '  I I 
$3300- --. 

Elevation view 
I* 

Fig .4  N e u t r a l  beam dump (upper  p l a n  view) and t h e  
ion  beam dumps ( lower  e l e v a t i o n  v iew) .  

Table Ill. SDecification of the beamline. 

1 .  Neutralizer cell 

2 .  Ion beam bending 
magnet 

3 .  Electron beam 
bending magnet 

4 Ion beam dump 

5.  Electron beam 
d u m p  

6 .  Neutral beam 
dump 

7 .  Cryopump 

8 .  Volume of vacuum 
vessel 

35cm wide, 160 cm heigh, 
490 cm legth (tapered off)  
Gas thickness of 15.4Pacm. 
Pole area of 45 cm wide, 136 cm 
height. max. field of 700 G.  
Time const. of sweeping< 0.5 s. 
Race track coil of 36 cm wide, 190 cm 
height, 
max. field of 50 G ,  (swept periodically) 
Active cooling by swirl tubes, 
150.5 cm long, 51 cm wide. 
max. heat load of 
Different diam. tubes are used for 
positive / negative ion beam dump.  
Fixed in the neutralizer, 
max.heat load of 0.4kWlcm2. 
V-shaped plate by swirl tubes, 
max. heat load of 1.5 kW/cm2. 
Highly transparent parallel louvre 
blind panel, pumping speed of 450m3 / s 
in ion source vessel & ion beam d u m p  
vessel. 
56 1773. 

1.6 kW/cm2. 

t o  c a r r y  o u t  e a s i l y  t h e  experiments  of gas  / plasma 
n e u t r a l i z e r .  

__- B e n d i B  magnet: The ion  beam bending magnet 
t o  bend p o s i t i v e  and negat ive  ion  beams a t  a small  
angle  of -15 degree is  used,  whi le  i n  t h e  conceptua l  
des i  n of t h e  i n j e c t o r  t h e  180 r e f l e c t i o n  magnet was 
used'). The reason f o r  t h i s  change is t o  reduce t h e  
s i z e  of t h e  magnet, because t h e  e r r o r  magnetic f i e l d  
produced by  b i g  magnet core  may a f f e c t  t h e  
confinement c h a r a c t e r i s t i c s  of t h e  LHD plasma.  
Although t h e  h e a t  f l u x  i n t o  t h e  beam dump is 
increased f o r  t h e  case  of  1 5  bending magnet, it is 
not  c r i t i c a l .  

I n  order  t o  f i t  t h e  i n j e c t i o n  energy w i t h  t h e  
wide range of t h e  c u r r e n t - l e s s  plasma parameter  i n  
LHD, it is planned t h a t  t h e  beam energy of t h e  N B I  
is var ied  dur ing  t h e  in jec t ion-pulse .  When t h e  beam 
energy is  v a r i e d ,  most s t r i n g e n t  component which 
l i m i t s  t h e  response is  t h e  ion  bending magnet due t o  
t h e  f i e l d  d e l a y  caused by  t h e  eddy c u r r e n t .  
E v e n t u a l l y  magnetic core  is s i m p l y  made of t h e  bulk  
of s o f t  ion .  Both t h e  a n a l y s i s  and t h e  t e s t  r e s u l t  
by a similar s i ze  of e lec t romagnet  g ives  t h e  
c h a r a c t e r i s t i c  t ime of modulat ion of -0.5 sec .  

The e l e c t r o n  beam bending magnet is f a b r i c a t e d  
by  a p a i r  of race- t rack  a i r -core  c o i l s .  The magnetic 
f i e l d  can be swept  p e r i o d i c a l l y  (<lOHz), i f  it is  
requi red  t o  reduce t h e  average h e a t  f l u x  i n t o  t h e  
e l e c t r o n  beam dump. 

Beam dum s:  Heat f l u x  i n t o  t h e  ion  beam dump 
w a s  computed 'for v a r i o u s  dump p o s i t i o n s  and/or  t h e  
p l a t e  shapes .  Maximum h e a t  f l u x  a t  t h e  p l a n e  of 
t h e  ion  beam dump w a s  a b o u t  6 kW/cm2 f o r  t h e  normal 
incidence.  Since t h e  h e a t  f l u x  is h igh  enough, t h e  
dump is  i n c l i n e d  t o  make a small  angle  t o  i n c i d e n t  
beam, t o  reduce t h e  h e a t  f l u x .  As shown i n  Fig.4,  
t h e  p lanes  of t h e  p o s i t i v e -  and negat ive- ion beam 
dump a r e  pos i t ioned  s y m m e t r i c a l l y  a t  5Ocm a p a r t  from 
t h e  beam a x i s  i n  p a r a l l e l .  The a n g l e  of  incidence 
is 15 degree approximate ly ,  and t h e  maximun h e a t  
f l u x  on t h e  p lane  is -1.6 kW/cm2 which can be removed 
by using t h e  convent iona l  s w i r l  t u b e s .  To develop 
t h e  coinpact beam dump, two t y p e s  of h igh  performance 
h e a t - t r a n s f e r  t u b e  w i l l  be t e s t e d .  

N e u t r a l  beam dump is  V-shaped t o  reduce t h e  h e a t  
f l u x  below 1 . 5  kW/cm2 on t h e  s u r f a c e .  They a r e  a l s o  
composed of rows of s w i r l  t u b e s .  
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Fig .6  Schematic diagram of t h e  power s u p p l i e s .  

E lec t ron  beam dump is  designed t o  l i m i t  t h e  hea,t Power, and au to-condi t ion ing  runs .  The c o n t r o l  
f l u x  of 0 . 4  kW/cm2. A new f u n c t i o n a l  me ta l ,  W / C U  system and d a t a  a c q u i s i t i o n  sys tem a r e  loca t ed  

Gradien t  Metal ,  w i th  h igh  mel t ing  p o i n t  is a p p l i e d .  
The dump is composed of many b locks  of t h i s  me ta l .  
They a r e  f i x e d  i n  t h e  lower p l a t e  which is 

remote ly  from t h e  beamline by op t i ca l - l i nkage .  

References 

watkr-cooled . 
Cryopump: High pumping speed cryopump wi th  

t h e  r a d i a t i o n  s h i e l d  which has  p a r a l l e l  l ouvre  
blinds3) is newly des i  ned ( i n  F ig .5) .  The nominal 
pumping speed of 450 m/s, and t h e  a r e a  of e f f e c t i v e  
opening is 2 m 2 .  The e f f e c t i v e  p a r t i c l e  t ransmiss ion  
p r o b a b i l i t y  of h igher  t h a n  0 .5  is achieved, based on 
t h e  t e s t  r e s u l t  of s m a l l  cryopump system a s  w e l l  a s  
t h e  Monte-Carlo s imula t ions .  

9 

3.3 Power s u p p l y  system 

A schematic diagram and t h e  s p e c i f i c a t i o n s  f o r  
t h e  main power s u p p l i e s  a r e  shown i n  F ig .6 .  A l l  
t h e  power s u p p l i e s  a r e  c o n s t i t u t e d  b y  s o l i d - s t a t e  
elements.  Primary e l e c t r i c i t y  w i l l  be supp l i ed  by 
a FW motor-generator f o r  an  exc lus ive  use of hea t ing  
sys tem.  Negative h igh  vo l t age  of 250 BV w i l l  be 
generated by t h e  t h r e e  s t a c k s  of s o l i d - s t a t e  H . V .  
power s u p p l y ,  i n  which t h e  GTO's f a s t  i n t e r r u p t e r  
a r e  app l i ed  as a swi t ch ing  element.  CTO's power 
supp ly  f o r  NBI was o r i g i n a l l y  developed by 
IPP-Nagoya4). This  sys tem is a p p l i c a b l e  f o r  t h e  
acce le ra t ion  of t h e  nega t ive  ions .  

Discharge c u r r e n t  is de l ive red  by an  in t ense  
a r c  power s u p p l y  i n  t h e  mode of cons t an t  vo l t age  or 
cons tan t  impedance. Over-current sensors  w i t h  h igh  
s e n s i t i v i t y  a r e  u t i l i z e d  i n  each of 16 a r c  power 
s u p p l i e s  i n  p a r a l l e l  connection. Once t h e  abnormal 
d icharge  occurs u n c o n t r o l l a b l y ,  t h e y  p r o t e c t  t h e  
plasma source  and t h e  power s u p p l i e s  w i t h i n  0 .1  sec .  

A s m a l l  computer sys tem c o n t r o l s  and s e t s  t h e  
acce le ra t ion  vo l t age ,  d i scharge  c u r r e n t ,  t iming  
sequence, gas  f low r a t e  e t c ,  and d e t e c t s  t h e  
occurrence of H.V.  breakdown. Sof tware  program will 
be prepared  f o r  c o n t r o l l i n g  t h e  n e u t r a l  beams i n  
t h e  mode of v a r i a b l e  beam energy ,  c o n s t a n t  beam 
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Fig .5  Cross s e c t i o n a l  view of t h e  cryopump element.  

L e f t  is convent iona l  l ouvre  b l i n d s  and r i g h t  
is new p a r a l l e l  l ouvre  b l inds .  
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