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Apst rac t 

PI a^ma neutr l i i j e i ' S can fit oduce h igher 
(•>;:vers ion p f f i c i e n c i e s than are ob ta inab le 
w^tn gas MQ.itral i ze rs f o r the p roduc t i on of 
hi qd-eneryy neu t ra l !>eams from n e g i t i v e 
hydrogen ions - l i t t l e a t t e n t i o n Has oeen paid 
l o exper imenta l n e u t r a l i z e r s tud ies i>e.:ause of 
the more c r i t i c a l problems connected w i t h the 
development of n e g a t i v e - i o n sources . With the 
prospect of a c c e l e r a t i n g ampere dc beams from 
e x t r a p o l a t a b l e ion sources some time r.exi yea r , 
wr- are re-examining plasma n e u t r a l i z e r s . Some 
nas ic c o n s i d e r a t i o n s , two i n t r o d u c t o r y 
exper iments , and a nex t - s tep experiment are 
desc r i bed . 

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

The i n j e c t i o n of ene rge t i c deuter ium atoms 
is a proven technique f o r heat i r .g magne t i ca l l y 
conf ined plasmas in the f u s i o n program. 
C u r r e n t l y , mul t i -megawat t hydrogen and 
deuter ium beans w i t h energies up t o 50 ke1.' are 
used, and planned experiments c a l l f o r about 50 
MW o f neutra l -beam power at energies above 150 
keV. At these power leve ls there is a h igh 
premium on maximizing the e f f i c i e n c y f o r 
produc ing n e u t r a l beams. 

I t has been recognized f o r a long time t ha t 
the weak e l e c t r o n a f f i n i t y (0.75eV) o f a 
negative- hydrr-n.pn or deuter ium i o n , compared to 
•in b in.] i ng energy of the e l e c t r o n in a 
g round-s ta te hydroqen atom ( l 3 . 6 e V ) , makes 
e f f i c i e n t convers ion o f an H~ ion beam to a 
neu t ra l beam poss ib le even a t high ene rg ies , 
In a gas ta rge t o f opt imized th ickness 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 can be about 60 
percent even f o r MeV ions J 

f ' i v i e r e and Sweet man' showed t ha t the 
(...inversion of an H~ or 0~ beam to an H° 
or D° beam can be cons iderab ly more 
e f f i c i e n t i f the t a r g e t cons is t s o f chargea 
uit.-ticles, i . e . , a plasma. A n e u t r a l i z a t i o n 
e f f i c i e n c y , n. of 9 0 ; w ^ s ca l cu la ted from cross 
•sections obta ined from s i n g l e - p a r t i c le 
i n t e r a c t i o n s in H~-e _ crossed oeam 
exper iments . At Novos ib i r sk , approx imate ly 
t h i s convers ion e f f i c i e n c y was obtained by 
shoot ing 1 i th ium and magnesium plasmas from 
con ica l plasma guns across a 0 . 5 - t o 1.0-MeV 
H" beam and measuring the growth and decay o f 
tht_- var ious charge components , ^ i 3 Values o f 
n=.83u f o r L i and 80? fo r magnesium were 

ob ta ined . ke are not attire of any other 
measurements w i t h plasma • t a r g e t s . Some 
a d d i t i o n a l i n f o r m a t i o n on t h i s t o p i c wes given 
in a paper by Grossman at L he f i r s t Symposium 
in 1977 . 4 

I f they are to be u s e f u l , plas-r.d 
n e u t r a 1 i ze rs must g ive s u b s t a n t i a l l y higher-
conversion e f f i c i e n c i e s than gas eel i s ; a l s o , 
they must operate "!c and have good e l e c t r i c a l 
and gas e f f i c i e n c i e s , as we l l as s u i t ah I t 
geometr ical c o n f i g u r a t i o n s . N e u t r a l i z p r 
e f f i c i e n c y has not rece ived much a t t e n t i o n ir-
the n e g a t i v e - i o n system program because the 
development o f n e g a t i v e - i o n sources has beer, 
and cont inues t o be , the c r i t i c a l i tem. A;, 
shown in o the r papers i n t h i s symposium, tni-
progress i n source development is q u i t e 
encourag ing, and, as ion sources , a c c e l e r a t o r s , 
and n e u t r a l i z e r s must be compat ib le , we arp 
re-examin ing the p lasma-neut ra I^zer t o p i c , 
i n c l u d i n g a modest exper imenta l e f f o r t in the 
?00-to-300-keV range. 

We are i n v e s t i g a t i n g two types of plasma 
n e u t r a l i z e r s w i t h a 0" beam from a small 
research a c c e l e r a t o r : One is a h i g h - d e n s i t y , 
pulsed hydrogen d i scha rge ; the o ther is a 
low-dens i t y cesium plasma produced in a 
s u r f a c e - i o n i z a t i o n Q-machine. In t h i s paper WP 
present c a l c u l a t i o n s f o r 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 expected f o r p a r t i a l l y ion ized 
hydrogen and cesium plasmas. The two plasrra 
i - t rgets are d e s c r i b e d , as is a poss ib l e 
nex t -s tep exper iment . Neut ra l i z a t i o n r e s u l t s 
fo r the two ta rge t s ar& not ye t a v a i l a b l e . 

Computations 

We have examined several cases of i n t e r e s t 
fo r negat ive- ion-beam plasma n e u t r a l i z e r s . The 
e v o l u t i o n o f the beam f r a c t i o n s is given by 
equat ions (1) t n r i ( 3 ) . 
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and I~ I + + 1° = 1 

where the s u b i c r i o t s i and j r e f e r t o i n i t i a l 
and f i n a l charge s t a t e s , r e s p e c t i v e l y , and the 
supe rsc r i p t s e , i ,g r e f e r to e l e c t r o n s , i o n s , 
and atoms, r e s p e c t i v e l y . For i n c i d e n t Dr, 
i - ( 0 M . 

Not a l l of the cross sect ions ara known; we 
present the expe r imen ta l l y known or 
t h e o * - r t i c a l l y . t imated cross sect ions r e l e v a n t 
f o r hydrogen and ces iurn piasmas in F i g . 1 
(Refs . 5-13) and F i g . 2 (Refs . 5 -7 , 13 -16 ) . 
Exce l l en t rev iew a r t i c l e s cover ing the c r o s s -
sec t ion data are in Refs . 17 and 18. At the 
h igh energ ies o f i n t e r e s t (E > 200 keV) we 
assume we can neglect a l1 attachment cross 
s e c t i o n s . 

lnlirl iB [uru.ktV 

F i g . 1 . Cross sec t ions r e l evan t to deuter ium 
plasma n e u t r a l i ^ e r s . Curve 1 , Ref. 5; 
2, Refs . 6 , 7; 3 , Ref. 8; 4 , Refs. 9 , 
10; 5, Refs. 1 1 , 12; 6 , Ref . 8 ; 7, 
Ref. 13; 8 , Ref. 14. 

we f u r t h e r assume tha t a l l t a r g e t p a r t i c l e s 
ara a t r e s t i n the l a b o r a t o r y f rame. T P : S 
assumption i s va l id i f the beam v e l o c i t y is 
very much g rea te r than electees? thermal 
v e l o c i t i e s . For 200 keV 0 _ t h i s r e q u i r e s 
t ha t the e l e c t r o n temperature be less than 
about 5 eV. 

For plasma n e u t r a l i z e r s we always have 
n 0 = n , . -We tan then d e f i n e the degree o f 
i o n i z a t i o n as 

* equals one f o r a f u l l y ionized plasma and 
xequa l s zero f o r a n e u t r a l gas t a r g e t . 
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F i g . 2 . Cross sec t ions r e l e v a n t to cesium 
plasma r .eutra l i z e r s . Curve 1 , Ref . 5. 
£ a C s + i s taken to be equal 0

H * f o r 

the purpose o f the computa t ions) ; 2, 
Refs . 6 , 7; 3, Ref. 15; 
Ref. U>; 6 , Ref. 13; 

4 , Rfcf. 15; 
Ref. 14. 

Equations (1) - (3) can be integrated 
analytically. For a homogeneous plasma 
containing several constituents the maximum 
neutralization efficiency is 

"o+ 

'max <P - > + < o 

o+ 

(4) 

The total integrated 1 ine dens ity to 
achieve the maximum neutralization efficiency is 

(5) 

In equations (4) and (5) we have 

< 0ij>=: °ij ns/ ntot a n d ntot=^ ns> s s 
and, the total target thickness is 

A * ^ £ JL, n s dx. 

To illustrate the advantage of a plasma target 
on the neutralization efficiency for D -

beams, we have solved eqs, 1-3 for plasmas with 
different degrees of ionization for 300 keV 
D -. In Fig. 3 we show the neutralization 
efficiency n (for negative ion beams, n=I°) 
for s deuteruim plasma. 
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F i g . 3. N e u t r a l i z a t i o n e f f i c i e n c y versus t o t a l 
( e l ec t rons and ions and n e u t r a l s ) t a r g e t 
th ickness f o r 300 keV deuter ium in a deuerium 
plasma o f var ious degress o f i o n i z a t i o n . 

We see t ha t the optimum l i n e d e n s i t y 
(molecules/Lin^) o f D? gas is about 3 t imes 
the optimum l i n e dens i t> ( n e

+ n i ) A , o f a 
f u l l y ion ized deuter ium plasma. In an ac tua l 
system there w i l l be some neu t ra l gas in the 
beamlino and the maximum convers ion e x v f i c i e n c y 
is exp&cted to be between tha t f o r pure gas and 
pure plasma. 

The e f f i c i e n c y fo r D~ in a cesium plasma 
i s shown in f i g u r e 4 . I t is i n t e r e s t i n g to 
note that the optimum l i n e dens i t y f o r cesium 
vapor is about 50 " ' less than the optimum l i n e 
dens i t y (n- j+n e ) I f o r a f u i l y ion ized 
cesium plasma. 

In f igure 5 we show the maximum 
n e u t r a l i z a t i o n e f f i c i e n c y as a f u n c t i o n o f 
f i g r e e of i o n i z a t i o n f o r 300 keV D - i n cesium 
and deuterium piasrcas. we see t ha t the 
. ' lei i tral i na t ion e f f i c i e n c y fo r deuter ium plasma 
i'.. f a i r l y h igh even a t low degrees o f 
i o n i z a t i o n whereas f o r cesium plasmas the 
e f f i c i e n c y r i s e s approx imate ly l i n e a r l y w i t h 
the degree o f i o n i z a t i o n . 

Real plasma n e u t r a l i z e s based on deuter ium 
w i l l have a m ix tu re of D + , Do and O3. 
however, we dc not have s u f f i c i e n t cross 
sec t ion in fo rmat ion to eva luate the e f f e c t s o f 
molecular ions on n e u t r a l i z e r e f f i c i e n c y . 
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Fig. 4. Neutralization efficiency versus total 
(electrons and ions and neutrals) 
target thickness for 300 keV deuterium 
in a cesium plasma of various degrees 
of ionization. 
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F i g . "5, Maximum n e u t r a l i z a t i o n e f f i c i e n c y 
versus degree o f i o n i z a t i o n f o r 
deu ter ium and cesium plasmas. 

Experimental Program 

Hydrogen plasma ta rge t 

Shown in f i gure 6 i s a pi an view of the 
hydrogen-p lasma- target vacuum chamber. D~ 



ions from a 300 kev" accelerator are steered 
into the col 1is ion chamber and pass through a 
magnetically confined plasma produced by a 
hot-cathode (LaBg) discharge. Gas is pulsed 
through the anode into the evacuated chamber. 
The 100 A discharge is pulsed, 1 msec in 
duration, creating a highly ionized hydrogen 
plasma, 2 cm X 10 an in cross section, with a 
maximum electron line density of 10*5 on-2 
(measured by a movable Langmuir probe and a 
He-Ne laser interferometer). The measured l ine 
density is shown in Fig. 7 as a function of 
discharge current and magnetic f i e l d . The 
resulting charged and neutral particles then 
pass between electrostatic analyzing plates and 
i nto an analys is chamber. Each ch arge-sta te 
component of the beam is detected and counted 
separately by an array of diffuse-junction Si 
detectors and electronic pulse counting 
equipment. The neutral beam fraction as a 
function of target thickness is curve f i t ted to 
produce an estimate for the maximum 
neutralization eff iciency. 

is too small to produce optimum yields and 
therefore only o_0 and OQ+ w i l l be 
measured. The ambient background pressure is 
approximately 1(H> Torr. Therefore, a plasma 
chopper is used to separate plasma effects from 
background gas effects. The vacuum chamber is 
cooled by l iquid nitrogen to keep the cesium 
atom density below 10' cnr^. The incident 
0- beam enters the target region and charged 
beam particles formed in the plasma are 
charge-state analyzed in the confining magnetic 
f i e l d . The beams then enter the analysis 
chamber and w i l l be counted to determine the 
0~, D° and D+ fractions. Cross sections 
are determined from the slope of the 0", D° 
and D+ fractions as a function of plasma line 
density. 

This experiment w i l l be performed after the 
present heavy-ion-fusion-related experiment 
(Ct-Ct cross sections) is completed. 

This experiment is operating, but no 
quotable results hav& been obtained yet. We 
also plan to t ry an atomic-gas, probably argon, 
target. 

f i g . 6. Experimental arrangement for 
determination of nmax in a 
hydrogen plasma target. 

Cesium plasma target 

The cesium plasma target is shown in figure 
8. The plasma is a standard Q-Hachine plasma 
or ig inal ly bu i l t for studies of cross sections 
relevant to heavy-ion fusion. The plasma is 
formed by spraying cesium vapor on a hot 
(2700 K) tungsten plate and the contact ionized 
plasma is confined by an axial magnetic f ie ld 
(B=0.2T). Plasma densities, as measured by 
Lanqmuir probes, are variable and are typical ly 
10 1* cur 3 . The diameter of the plasma 
column is approximately 5 cm. A plasma density 
prof i le is shown in Fig. 9. The l ine density 
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Fig. 7. Electron l ine density versus arc power 
for the hydrogen plasma target. 

"Practical" plasma target 

The experiments described in sections 1 and 
2. w i l l yield cross-section information, but the 
plasma configurations are not suitable for 
application in practical high-power neutral 
beam l ines. Therefore, our next experimental 
target w i l l be designed to be compatible with 
our approach to a multi ampere negative ion 
accelerat r array. We are considering a 
"magnetic-bucket" arrangement of the general 
kind described by Ehlers and Leung.19>20 
They have operated a hydrogen discharge in such 
an arrangement with 10% ionization and ion 
densities of 2-3x10*2enr^. Ionization 
fractions of 0.15-0.20 may be possible. 
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The magnetic bucket is e s s e n t i a l l y magnetic 
f i e l d f r e e in the c e n t r a l r e g i o n . Beam 
d ivergence due to the f i e l d of the permanent 
magnets should be smal l because o f the small 
d i s tance over which the beam crosses the high 
f i e l d r r g i o n s . 

The beam from an acce le ra to r array?l 
wuuld pass between the rows o f wa te r -coo led 
permanent magnets and become p a r t i a l 1y 
n e u t r a l i z e d , . . ( F i g . 10 ) . Ca lcu la ted beam 
divergences' 21 are smal l enough t h a t the 
product-...c^!T!3 could emerge rrom the f a r s ide o f 
the a r r a y , 50-100 cm downstream. 

Mt j c t ron dens i t y (der ived from 
Lantjmuir probes) vs p o s i t i o n in the 
ct'»ium piasna t a r g e t . 

*Th i s work was supported by the Fusion Energy 
D i v i s i o n o f the U. S. Department o f Energy 
under Contract No. W-7405-ENG-48. 
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F i g . .LU. Schematic diagram o f a proposed 
p r a t i c a l plasma n e u t r a l i z e r f o r a 200 
keV n e u t r a l beam system us ing a 
"magnetic bucket " plasma. 
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