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The DRNL Neutral Beam Development Program i s  concentrated on the devel- 
opment and application of tokamak neutral beam injection systems. Tokamak 
neutral beam development is being carried out f o r  ORKAK, PLT, ORMAK-Upgrade, 
POX and TFTR. Applications have been made to  OR/-IAK and are being made t o  
PLT. Basic research i n  support of the developnient prograni includes work i n  
the areas of plasma sources, ion extraction and beam optics,  cryopumping, 
beam stops and megawatt e lectr ical  power systems. 

The LBL/LLL Neutral Beam Development Program can be divided into  two 
areas: 1 )  Develop~~ient based on positive-ion acceleration and neutralization, 
primarily for  near-term applications on the 2X; BB, MX, and TFTR confinetilent 
experiments, and 2) a higher-efficiency-injector program based on accelera- 
tion and neutralization of negative ions, which may be required for  fusion 
reactors and reactor-like experiments. In addition, there is related work 
(not described here) on negative-ion production and on d i rec t  energy recovery. 
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I The objective of the CNL 1:eutral Ccam Program i s  to develop a 150 keV 
I mu? tiampcre (equivalent) neutral in jector  ni t h  essent ia l  support sys tem 

based on lonr; p u l  sc, 1 ~ i u 1  tiari:pere sources of negatlve hydrogen and deutcri um 
I ions, close coupled acceleration to the required energy and on neutral izat ion 

o f  h i ~ h  energy nesative ions in a gas or  plasma j e t .  Hisn speed cryosenic 
I .  and molecular sieve pur:ips a re  being developed as part  of the program. 

1. IIITRODUCTIOtl 

. .  . . .. . . ' .  . 
The US neutral-beam-injector research and development work primarily i s  

. .  . .  carried out a t  E R G  Laboratories: Brookhaven National Laborat0.r~ ( B N L )  , 
. , 

. . Lawrence Berkeley and Livermore Laboratories (LBLILLL), and Oak Ridge 
Rational Labo.)-atory (ORT'IL) .  

. .  . 
'? . : - 

. . 
. -  . . . 
. . .  2.1. O R t s l A K  Neutral Beam Injection 
. :  i ... . . i 

. . .  . . . , .  . -  . .. . . . .  
More than 350 klol of neutra.1 beam power have been injected in to  ORi.!AK, 

. . .  : 
. : .  . . . . - i  ... : 

using three neutral bean1 systems based on 10-cm-diameter duoPIGatron ion 
. . . .. sources. [ l , 2 , 3 ]  This pokier raised the ion :temperature in OR14AK t o  > 1.5 keV . .  . .  . . . .  . / /  . .  . . . . . .  . . . .  . and caused the ion telnperature to  be higher than the electron temperature. 
. .  . To achieve 350 kCl, i t  was necessary t o  add se r ies  floating-deck modula- 
. ' . . .  .. . . tors[4] between the in jectors  and t h e i r  respective high voltage s'upplies. I t  
. . . . . .  
. ..::.: 

was a l so  necessary t o  naximize the transmitted neutral beam power through a 
, .. . . . . . . . . . 

. . , i 
careful procedure.of aligning the source and beam l i ne ,  focusing the beam 

. . I  
. !  .*.. ..: 

via proper grid curvature and spacing, and optimizing the source operating 
. . .  : . parameters. 
. . 

Measured beam l ine  losses were found to  be consistent  with those ex-. 
pected.from inferred l ine  densi t ies .  Thus the "choking" effect[5] was not 
observed. over th'e:pressure range and beam current range studied. One of the 
n,eutral injection  stems i s  being replaced by a 15-cm duoPIGatron-based 
system. ' Glhen t h i s  system i s  operational, i t  is' expected that  > 500 kl4 of 
neutral beam power w i  11 be injected.  

2 . 2  PLT Neutral ~dam Injection 

1 -MW neutral beam injection systems[6,7] fo r  PLT have been designed and 
constructed, and tes t ing has begun. A fac i l i ty[8]  f o r  tes t ing these and 
other < 60-keV neutral bean systenls has been bu i l t .  Important features of 
the system are a 3.6-m beam l ine  employing a 60LA, 40-keV ion source, 4 m2 of . 
cryocot~densation pumping providing a conductance 1 imi ted speed of 2-3 x l o 5  
R I sec , '  a  lilagnet to  def 1 ec t  the unneutral ized components to appropriate beam 
dumps, a t i l t e d ,  movable, water-cooled calorimeter capable of  d iss ipat ing peak 
beam power densi t ies  of 25 k ~ / c n i ~ ,  and a cryopanel providing 2 x 10'' Rlsec in 
the d r i f t  tube for  additional puntping i n  th i s  c r i t i c a l  region. 

2 . 3  TFTR Neutral Bean] Injection 

A conceptual design[9,10] was done of the complete Tokamak Fusion Test 
Reactor (TFTR)  neutral beam system, including in jectors  , bean1 1 ines , remote 
hand1 ing , power supplies , and controls .  The neutral bear11 1 i  ne features three 
150-keV, 50-A mu1 t i  stage in jectors ,  loosely coupled gas cel l s ,  orie conlmon 
magnet t o  def lec t  and dunlp the residual ion f rac t ions ,  a  25-MI4 movable calo- 
rimeter, 50 m 2  of cryopu~iiping sut-face, and a f a s t  shut ter .  



I A t e s t  f a . c i l i t y [ l l ]  was cons t ruc ted  f o r  the  develop~ncnt o f  TFTG i n j e c - .  
1 
i t o r s  and o the r  < 150-keV neu t ra l  bearn systen~s. Experiniental f l e x i  b i  1  i t y  was 
i , . .  achieved by c o n s t r u c t i n g  the  t e s t  s tand o u t  of independent vacuu!ii modules and ' 

I 
I by us ing a  n:oclular pov~er supply capable of supp ly ing  a  k:ide v a r i e t y  o f  v o l t -  . 
I . ages and cur ren ts .  The f as t  f l oa t ing -deck  niodulator f o r  the f a c i l i t y  con- 
~. - s i s t s  o f  t h ree  60-kV modulators i n  se r ies . [4 ]  
I '  

_ i .  
I , : , 2.4 I on  Sources 

A duoPIGatro'n i o n  source w i t h  a  10-cm-diameter e x t r a c t i o n  systen1[2,3] 
was developed f o r  n e u t r a l  i n j e c t i o n  i n  OXi lAK.  It produces i o n  c u r r e n t s  of 
c 15 A,, vo l tages o f  < 40 kV, and pu l se  leng ths  o f  < 0.75 sec. I n  cornbi- - 
nat ion ,  these paran~eteys a re  l i m i t e d  t o  0.2 kJ per  pu lse.  

The duoPIGatron source was mod i f i ed  by adding a  l i n e  cusp o r  magnetic 
mu1 t ipo le [12 ,  i 31 arrangement i n  the  plasma chamber t o  auymn t  plasma con- 
f inement.  A ve r s i on  o f  t he  l i n e  'cusp modi f ied duoPIGatron v i i  t h  a  15-cn-diam- 
e t e r  e x t r a c t i o n  system y i e l d s  30 A a t  a power supply  l i m i t e d  vo l t age  o f  27 kV. 

A l i n e  cusp mod i f i ed  duoPIGatron w i t h  a  20-cm-diameter e x t r a c t i o n  system 
i s  used on the  PLT i n j e c t o r s .  I t  has been operated a t  60 A, > 30 keV and 
> 40 msec. Design goals  a re  60 A, 40 keV and 300 msec. 

0 

A magnetic mu1 t i p o l e  Mackenzie plasma source,. w i t h o u t  the  duoPIGatron 
plasma feed, hav ing a  15-cm-diameter e x t r a c t i o n  system has been bu i  1  t and 
tes ted .  A no ise - f ree ,  uniform, 7 x  1 0 ~ ~ - c n i - ~  hydrogen plasma was produced i n  
t h i s  source..  The a r c  power e f f i c i e n c y  i s  b e t t e r  than  i n  the equ i va l en t  s i z e  
mod i f i ed  duoPIGatron source. 

. . 2.5 Beam Opt i cs  . . ... 
? .  . . . .  . . . , 
: '  . . . - 
. . 
. . .  . . . .  . . 

. I  

Experimental  bean1 o p t i c s  s tud ies ,  c o r r e l a t e d  w i t h  numerical  s imu la t ions ,  
. I: 

. . 
- . . i  

[14] have l e d  t o  improved s ing le-beamlet  o p t i c s  w i t h  bo th  one- 'and two-stage 
. . e x t r a c t i o n  systems. S ing le-s tage systems g i v e  h a l f  w i d t h  a t  ha l f~ iuax imum 

(HWHt-I) d ivergence angles o f  a0.80, w i t h  the  optimuni (smal l e s t )  d ivergences 
. . . .  .... 

. . achieved w i t h  c a r e f u l  s e l e c t i o n  o f  e x t r a c t i o n  system dimensions and t h e  shape 
. . 
. .: o f  t he  f i r s t  e l ec t r ode  aper ture.  

. . 
. :. 

Two-stage e x t r a c t i o n  systems g i v e  H\.IHM.divergence angles o f .  .L 0.5O f o r  
beam energies up t o  60 keV. I t  i s  found bo th  expe r imen ta l l y  and w i t h  t he  

. :: 

. .  
s in lu la t ions  t h a t  t he  minimum divergence occurs when t he  r a t i o  o f  t he  second 

, . .  . ( acce le ra t i ng )  gap vo l t age  t o  t he  f i r s t  ( e x t r a c t i o n )  gap vo l tage  i s  g r e a t e r  
, .  . than -4. 

2.6 Ht Enhancement 

Inc reas ing  t he  f u l l  energy component o f  t h e  n e u t r a l  beam by i nc reas ing  
t h e  Ht component i n  the  plasma source r e s u l t s  i n  b e t t e r  p e n e t r a t i o n  o f  the  
plasma by t i l e  n e u t r a l  beam. The tit f r a c t i o n  i n  duoPIGatron i o n  sources was 
enhanced by p r e d i s s o c i a t i n g  the hydrogen gas p r i o r  t o  t h e  a rc  d ischarge and 
sinlul taneously ln in in i iz ing the  recor i ib inat ion r a t e  on i n t e r n a l  sur faces.  The 
hydrogen feed was th rour~ t i  a  'l. 2400-K tungsten oveni which was bo th  a  thermal 
d i s s o c i a t o r  ~ n d  a  cathode. Th is  gave t h e  beam a  H con~po,nent o f  751, as 
opposed t o  a  559 H+ co~iiponent ~ v i t h o u t  t h e  tungsten oven. 
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A f i r s t  niodel of .a T F T R  neutral beam source has been constructed and 
will be the f i r s t  itciil tested on the new LBL t e s t  f a c i l i t y .  This source 
will operate with the sanz beam energy, current density,  and accelerator grid 
geonietry of a f u l l - s i z e  T F T R  sout-ce, .but wil l  hzve only 1/4 the area.  The 
accelerator s t ructure  has four gr ids ,  of ri;olybdenurn, with provision fo r  cool- 
ing one end of each grid i-ail. The shapes of the r a i l s  cere conlputer-optimized 
t o  provide optimum ion optics with minimum interception of secondary par t i c les .  

A 15-cm-diameter ( "  10-Ampere" ) source has been modified to  den~onstrate 
the long-pulse (4 1/2 sec)  capabil i ty required by TFTR and other experiments 
now being planned. This source has 56 tungsten filaments, operated with.dc 
heater current ,  and oriented so as to provide a ring-shaped region of magnetic 
f i e l d  (about 45 gauss) betwen the plasma vol~cnie and the outer wall. Lang- 
muir probe measurements indicate tha t  the deuterium ion current density in 
the central 8 cm diameter region i s  uniform to  + 1% in space and time f o r  
1 sec pulses a t  j+ = 0.25 ~ / c n i ~  and t o  + 4% for-0.5 sec pulses a t  j+ = 0.5 . 
~/crii2. No filament 1 ifcti1::e t e s t s  have-been perforred, b u t '  the source has 
produced j n  excess of 4000 0.5-sec-long pulses a t  0.35 ~ / c r n ~ ,  

This source was coupled to  a standard "10-A" accelerat ing s t ructure  with 
uncooled Clo and W r a i l s ,  and successf t~l ly  produced 1.0-sec, 7.5 A deuterium 
beam pulses a t  15 keV ( j  = 0.25 ~ / c m ~ ) ,  and 0.75-sec, 15 A pulses a t  20 keV 
(j, = 0.5 ~ / cm2) . .  

Eventual improvements- i n  gas ef f ic iency,  control o f  ion species,  ion 
temperature, and e lec t r i ca l  eff iciency require a be t t e r  understanding of the 
physics of the plasma source. A combined experimental and theoretical  ad- 
vanced development program i s  underway t o  achieve t h i s  understanding. 

3.1.2 IIX and 6B Neutral-Beam-System Development 

Development of 80 keV injectors  f o r  the .  large E!X mirror experinient, and 
50 keV in jec tors  f o r  the Baseball mirror experiment i s  in progress; the de- 
sign of these in jectors  i s  based on modification and extensions of the TFTR 
design. 

3.2 Efficient  Neutral Beam Production by Negative Ions 
+ 

Our primary approach i s  to  produce a beam of 1 keV D ions, c o n v ~ r t  a  
fract ion of them to  negatives in a Cs charge-exchange c e l l ,  and accelerate 
the result ing D- beam f i r s t  to  100 key, then a t  a  l a t e r  date ,  t o  200 keV. 
A modified LGL "10-A" source i s  used t o  produce 10 A of 1 keV deuterium ions 
in a 10 nisec pulse. In the present experinient about 1 A of the bean1 passes 
through the narrow apertures of the Cs c e l l .  A t  l e a s t  182 of these 1 keV 
ions are converted to  D- ions in a Cs ce l l  ; these wil l  be accelerated to  100 
keV i n  an accelerator nearing completion. Long pulses a t  much higher currerlts 
will .be accelerated t o  200 keV a f t e r  conipletion o f  the High Voltage Test 
Stand. 

The transport of a dense,' low-energy negative ion beam has been achieved 
experiniental ly and a1 so studied computations 1 ly ; measured profi  les (through 
the  bear^^) of Vfloatinq,  n., and dle show good agreement with those froiii a  
coeputer nlodel. The ~ l e c t r o n  dcrlsity can be kept low; even sosle focusing of 
the  bear^^ by plas~iia potentials  should be possible. There a r e  a lso  additional 
snlall experiments and tlieoretical s tudies of D- production tecl~niques. 
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4.  BI;L liFUTRA1. REAM DEVEL0PI;EI;IT 

Thc objec t ive  of the  BCL fleutral Bean1 Proyrani i s  t o  develop a  150 keV 
mu1 t i a ~ p e r e  ( equ iva l en t )  neutral  i n j e c t o r  v i i  t h  e s sen t i a l  support systems 
based on long pulse,  multiarrpere sources of negat ive hydrogen and deuterium 
ions,  c lo se  coupled ccce l e ra t i cn  t o  t h e  reqgired energy and on neu t r a l i za t ion  
of high energy negative ions in  a gas o r  plcsea j e t .  High speed cryogenic 
and nlolecular s i eve  pccips a r e  being develop?d as  p a r t  of the program. 

4.1 Negative Ion Sources 

Three types of negat ive ion sources a r e  being inves t iga t ed :  magnetron, 
Penning and hollo:.r di scnarge duoplasmatron (HDD.). Their  common f e a t u r e s  a r e  
a  cold cathode operat ion mode and the  addi t ion  of cesium vapors. A magnetron 
source v!i t h  a  cathode area  of 13.5 cm2 vras designed and t e s t ed .  1191 Using 
s i x  ex t r ac t ion  s l i t s  with a  t o t a l  ex t r ac t ion  a rea  of 1 . 3  cm2, H -  cu r r en t s  of 
up t o  0.9 A were obtained i n  pulses  of 10 ms durat ion and a t  a  pulse r a t e  
of 0.1 Hz. T5e ex t r ac t ion  voltage was u p  t o  18 kV and the  gas flow about ' 

3-4 t o r r  I . /cnl s .  I t  possible  t o  extend ti72 pulse length ' to  20 ns ,  but 
due t o  t he  a r c  power supply l i i n i t a t i ons  t h e  H- y i e l d  was only 0.6 A .  A 
small Penning source w i t h  a cathode area of 2  cm2 vras t e s t e d ,  y i e ld ing  H- 
curren ts  above 100 n1A from a th ree  s l i t  ape r tu re  with an a rea  of 0 .3  cm2. 
Pulse length was 20 nls and the  pulse r a t e  0.1 s. Compared t o  t h e  magnetron 
source,  -a Penning source has a  lovier a r c  po:.rer eff ic ' iency,  but i t s  gas e f f i -  
c iency i s  appreciably b e t t e r .  A l a r g e r  model, f o r  H- cu r r en t s  up t o  1 A ,  
is under construct ion.  F ina l ly ,  H- cu r ren t s  up t o  60 mA were obtained from 
a HDD source,[20] 'with a  cur ren t  dens i ty  above 1 ~ / c n 2  a t  the  ex t r ac t ion  
aper ture .  Studies  of t h e  cathode temperature control  f o r  magnetron and 
Penning sources a r e  underway, with t h e  goal t o  design a  source capable of 
operat ing with pulses  of 0.1 t o  1 s dura t ion .  

4.2' 150 kV Test  F a c i l i t y  

The acce l e ra t ing  system (150 kV) has been designed by computing p a r t i c l e  
t r a j e c t o r i e s  i n  a  s i n g l e  s l i t  geometry. A t  an i n i t i a l  cu r r en t  dens i ty  of 
0.5 ~ / c n i ~  ca l cu la t ions  predic t  a  quas i -para l le l  beam. The 150 kV t e s t  
f a c i l i t y  has been constructed and i n i t i a l  t e s t s  with high energy H- beam have 
begun. As a  p a r t  of t he  focusing system an a i r  core  quadrupole was con- 
s t ruc t ed  producing a uniform gradien t  of 0.05 T/cm within a  7 x  7 cn2 aper ture  

4.3 Cryopurnping 

A 100,000 R/s cryopurnp was put i n t o  operat ion.  I t s  design was based 
on small model nieasurements of proper t ies  of f rozen hydrogen and deuterium 
layers .  Puniping speed measurements shovred Val ues of 120,OOC I?/s f o r  hydro- 
gen and 100,000 21s for 'deuter ium, dropping by about 208 w i t h  a  0.2 nun 
t h i c k  frozen gas layer .  
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