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1 j I BL-116'n 

AN OVERVIEW OF THE LBL/LI.NL NEGAT IVE-ION-BASED NEUTRAL BEAM PROGRAM 

R. V. Pyle 

Lawrence Berkeley Labor^rory 
U n i v e r s i t y of C a l i f o r n i a 

Berke ley , C a l i f o r n i a 947?0 

Abs t rac t 

The LBL/I.LNL negat i ve- ion-based n e u t r a l 
beam development program and s ta tus are 
desc r i bed . The emphasis has s h i f t e d in some 
d e t a i I s s ince the f i r s t sympos ium i r 1077, but 
our o v e r a l l o b j e c t i v e s remain tne same, namely, 
the development of megawatt d . c . i n j e c t i o n 
systems. U n t i l l a s t year we concent ra ted on a 
system in which the negat ive ions were produced 
by double charge exchange in sodium vapor . At 
p resen t , the empnasis is on a " s e l f - e x t r a c t i o n " 
source in which the negat ive ions are produced 
on a biased sur face imbedded in a plasma. A 
one-ampere beam w i l l be acce le ra ted to a t l eas t 
40 keV next yea r . Studies of n e g a t i v e - i o n 
fo rmat ion and i n t e r a c t i o n s help prov ide a da ta 
base f o r the technology program. 

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

The Lawrence Berke ley Labora to ry and the 
Lawrence Livermore Na t iona l Labora tory have a 
j o i n t program to develop high-power n e u t r a l 
beam systems based on the p roduc t i o . . , 
a c c e l e r a t i o n , and n e u t r a l i z a t i o n of nega t i ve 
hydrogen and deuter ium ion beams, f o r hea t i ng 
and f u e l i n g f us ion d e v i c e s . The r a t i o n a l e f o r 
n e g a t i v e - i o n based systems w as discussed in the 
f i r s t symposium' in 1977. 

The work d e s c r i ! ^ here i^ supported by the 
Appl ied Plasma PhysICS D i v i s i o n and the 
Development and Technology D i v i s i o n of the 
O f f i c e o f Fusion Energy. As the t i t l e s o f 
papers in the f i r s t and Second Sympos ia 
i n d i c a t e , the a c t i v i t i e s in t h i s f i e l d inc lude 
as much "phys ics " as " t e c h n o l o g y " , i n d i c a t i v e 
of the f a c t t h a t the development of 
negat ive- ion-based systems f o r f u s i o n s t i 1 1 i s 
in i t s i n fancy . Never the less , we s h a l l see 
tha t s u b s t a n t i a l progress has been made s ince 
the prev ious meet ing , and can expect to present 
the a p p l i c a t i o n s designer w i t h some ac tua l 
demonstrat ions of useable and sca leab le 
components by the time of the Th i rd Symposium. 

The approaches and s ta tus of program 
conponents f o r meeting the R and D goals are 
o u t l i n e d i n the f o l l o w i n g s e c t i o n s . I t w i l l be 
ind ica ted how the t e c h n i c a l s tud ies descr ibed 
here by other LBL and LLNL s t a f f members f i t 
i n to the overa l1 program; these t e c h n i c a l 

papers do not encompass a l l of our a c t i v i t i e s 
but they r e f l e c t the emphasis f a i r l y w e l l . 

I I . Program Elements - S ta tus 

Our research and development p rogran nust 
have the p o t e n t i a l of producing n e u t r a l beam 
systems t ha t w i l l be used in the confinement 
programs. He a n t i c i p a t e , and users s p e c i f y , 
parameters and development schedu les , based or. 
needs and percep t ions of the s ta te of the a r t . 
For example, LLNL has requested the development 
of h i g h - c u r r e n t beams in t h ° severa l -hundred 
keV range f o r use in i t s next genera t i on of 
m i r r o r d e v i c e s . 

The LLNL s t a f f con t inues t o devote a 
s u b s t a n t i a l e f f o r t to s tud ies of systems needed 
f o r f u t u r e exper iments and r e a c t o r s . These 
s t u d i e s , an example of which is presented at 
t h i s symposium?, not on l y he lp d e f i n e the 
bas ic parameters , hut a l so he lp i d e n t i f y the 
eng ineer ing ques t ions t h a t must be answered as 
we move from the research to the a p p l i c a t i o n 
s tage . 

The d i s c u s s i o n of the program elements and 
t h e i r present s ta tus is based on the neu t ra l 
beam hardware system. 

A. The negat ive ion source 

Th is may be a i j oun le - ch^ -n f - f *cnan •, ••> 
d i r e c t - e x t r a c t i o n source-. 

1 . Oouble-charge-exchange sources 

Because the phys ics of producing 
negat ive ion beams by double charge exchange of 
p o s i t i v e ions in metal vapors was reasonably 
we l l understoL , our f i r s t e f f o r t s toward a 
technology demons t ra t ion were based on t h i s 
approach. Theo re t i ca l es t imates and 
exper imenta l measurements o f y i e l d s of V* 
ions are now f a i r l y complete-^, except at low 
ene rg ies . 

In a s h o r t - p u l s f experiment a beam r* 
approx imate ly 10 keV D* ions was converted t,-> 
?A of D" ions in a supersonic sodium vapor 
j e t , demons t ra t ing one way to produce a usefu l 
negat ive ion source. The p o t e n t i a l i t i e s of 
t h i s approach are d iscussed in an accompanying 
paper. ' ' A l though t h i s system-approach has 
been ca r r i ed f a r t h e s t toward an ac tua l neu t ra l 
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baam system, it is in principle more 
complicated than the "direct extraction" 
sources now under investigation, and we are not 
planning to accelerate negative ions produced 
in this way, in the near term. 

We shall continue studies of negative i.m 
yields in vapors, especially at low D* 
energies. 

2. D i r e c t e x t r a c t i o n Sources 

a. Surface p roduc t i on 

Our proposed technology 
demonstrat ion c u r r e n t l y i s based en n e g a t i v 
ion p roduc t ion on a biased sur face immersed in 
a plasma produced in a "magnet ic b u c k e t " . 
P o s i t i v e ions s t r i k i n g the sur face produce 
negat ive ions t ha t are acce le ra ted i n t o the 
plasma and then emerge ( " s e l f - e x t r a c t " ) tnrough 
the magnetic f i e l d at a s l o t i n the bucket 
w a l I s . The p roduc t ion mechan isms have been 
s tud ied as bas ic processes^>^ and in an 
ac tua l plasma d e v i c e . ' > 8 

The non-plasma experiments showed t ha t 
o reduc t i on on l ow-work - func t i on sur faces is 
small f o r i nc iden t energ ies of about 1 eV, but 
is r i s i n g r a p i d l y w i t h energy.•> At h igher 
ene rg ies , 200-300 eV/nuc leon, the 0 _ y i e l d 
from backsca t te r i ng reached about 10 *>. 
U n f o r t u n a t e l y , we d o n ' t have measurements f o r 
energ ies between - 1 eV and about 200 eV per 
nuc leon . Measurements made w i t h a source 
produc ing a d c , - 1/2A, beam of H~ i o n s ° , 
are general l y cons is tent , w i t h the r e s u l t s o f 
the e n e r g e t i c - i o n s t u d i e s , but a lso show a 
s t rong low-energy (< 10 eV) H~ component 
coming from the su r f ace ; the p roduc t i on 
mechanism has not been i d e n t i f i e d w i t h 
c e r t a i n t y . Ions formed at low energy may have 
less t ransverse energy, and t h e r e f o r e permi t 
b e t t e r op t i c s of the acce lerated beam, 

b. Volume Product ion 

Large H~ d e n s i t i e s in a plasma are 
repor ted by Dacal and c o - w o r k e r s ^ * ^ . 
S u b s t a n t i a l H~ cur ren t d e n s i t i e s f rom ions 
produced in the plasma also have been observed 
in the LBL e x p e r i m e n t . ' I t i s though*, t ha t 
acce le ra ted e l e c t r o n s w i l l be a g rea te r problem 
.v i th a vo lume-product ion source, than w i t h a 
" s e l f - e x t r a c t ion" su r f ace -p roduc t i o r source , 
but ti>e p o s s i b i l i t i e s of volume se j rees must 
con t inue to be examined. 

B. The A c c e l e r a t o r 

We have not b u i l t any acce le ra to r s t r u c t u r e 
f o r n e g a t i v e - i o n beams y e t , but opt imized dc 
a c c e l e r a t o r s f o r beams from double-charge 
exchange and " s e l f - e x t r a c t i o n " sources have 
been designed f o r energ ies up to 200 keV.11 
These ri" T - e l e c t r o d e s l o t t e d s t r u c t u r e s are not 
u n i i k e those used in our pos i t i v e - i o n 
p r o g r a m , ^ except t h a t the cur ren t d e n s i t i e s 

are lower . For example* a 10-ampete system ma> 
r e q u i r e an acce le ra to r a r ray SO cent imeters on 
a s i d e . One of the des ign boundary cond i t i ons 
i s t ha t acce le ra to rs f o r m u l t i p l e beams must 
pack together c l o s e l y . 

Mashke's Meqalac proposal * 3 has 
s t imu la ted t h i n k f n q about r f acce le ra to rs f o r 
energ ies above about 200 keV. We f i n d the idea 
very a t t r a c t i v e , but have n- ye t developed a 
conceptual des ign f o r an r f system. 

In some cases i t may be d e s i r a b l e to 
t r a n s p o r t the nega t i ve ions f ron t r e p1asma 
source to the a c c e l e r a t o r , e . g . by a s t r u c t u r e 
t h a t permi ts t ransverse pumping of gas f rom the 
s o u r c e . ^ Arrays of m u l t i p o l e s a lso miqht be 
used to t rans ; j r t h igh-energy n e g a t i v e - i o n 
beams thorugh the s h i e l d i n g of a r e a c t o r . 

C. The N e u t r a l i z e r 

Gas. plasma, and photon t a rge t s are being 
cons i d e r t d as neu t r a 1 i z e r s . Gas t a r g e t s , 
perhaps supersonic j e t s ^ , are the mo' t 
s t r a i g h t f o r w a r d , and should g i ve n e u t r a l i z a t i o i 
e f f i c i e n c i e s of about 60%. 

F u l l y - i o n i z e d plasma n e u t r a l i z e r s have been 
est imated t o g ive n e u t r a l i z a t i o n e f f i c i e n c i e s 
o f about 8 5 - 9 0 * . P a r t i a l l y - i o n i z e d gases w i l l 
g ive values somewhere between 60- and 9 0 ' . . 
Several aspects of plasma t - i r 9 p t s were 
presented in the f i r s t Symposium.^ 

The prospect of making f u l l y - i o n i z e d plasma 
t a r g e t s f o r beans w i t h large c r o s s - s e c t i o n a l 
areas i s not very a t t r a c t i v e . "-> the o ther 
hand, a p a r t i a l l y - i o n i z e d (e .g 20 j t a rge t f rom 
many smal 3 beams mi ght not be d i f f i c u l t . To 
b r *ng some focus *o * h i s problem we have a 
program to study the i n t e r a c t i o n s of ?00-300 
keV D" ions w i t h p lasmas. '6 

F i n a l l y , photodetachmer". can be used as a 
method fo r conve r t i ng the D~ beam to ? D° 
beam. ' 7 » 1 9 

0. Other System Elements 

As in the case fo r pos i t i v e - i o n beam 
systems, much o f the s i ze and cost of 
n e g a t i v e - i o n beam systems w i l l be in conr.Gnents 
o the r than the above: The vacuum system, power 
supp l ies and c o n t r o l s and beam dumps. Much of 
the technology being developed fo r p o s i t i v e - i o n 
systems** 1 w i l l be a p p l i c a b l e . 

I I I . Status Summar; 

Subs tan t ia l progress in unders tand i rg the 
p r i n c i p l e s of negat ive- ion-based neu t ra l beam 
systems has been made s ince the f i r s t Symposium 
was held in 1977. In p a r t i c u l a r , e l o t of the 
phys ics of negat ive ion fo rma t ion in vapors , 
su r f aces , and plasmas has been e s t a b l i s h e d , and 
negat ive ion beams w i t h cu r ren t s of the order 
o f one ampere have been produced by both the 
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double-charge-exchange and the ' . u r face -
i n t e r a c t i o n techniques. System s tud ies have 
been car r ied fa r enough to i d e n t i f y impor tan I 
design features f o r both the developers and the 
potent i l l users . Nei ther the research program*-
nor the development programs are in want o^ 
good i iJ f i is . 

A rough schedule and cost es t imate f o r a 
" p r n o f - o f - p r i n c i p l e " one-megawatt CW D° beam 
has been prepared in a n t i c i p a t i o n o f a program 
to have a p ro to type o f a use fu l i n j e c t o r 
ope ra t i ng in about ten years . I t i s not 
s u r p r i s ing t ha t the requ i red t ime and fund ing 
appear to be about the same as requ i red f o r 
development o f a p ro to type p o s i t i v e - i o n - b a s e d 
TFTR i n j e c t o r . 

IV . Plans 

A. Near-Term 

By the end o f 1981 we expect to demonstrate 
the q u a s i - s t e a d y - s t a t e opera t ion o f a 
one-ampere H~ beam acce lera ted to 40-100 keV 
w i t h acce, ' . i b le beam o p t i c s . The f a i r l y bas ic 
s tud ies of n e g a t i v e - i o n fo rmat ion in gases, 
su r faces , and plasmas w i l l cont inue as requ i red 
f o r the development da ta -base . 

B. Longer-Tern 

We hope to b u i l d and demonstrate a megawatt 
n e u t r a l beam system based on negat ive ions in 
the 1980 's . 
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