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Abs t rac t 

A survey of the l i t e r a t u r e \ç> t o t he end of 1971 was made on s p u t t e r i n g , 
gas t r a p p i n g , and reemiss ion of hydrogen and helium in me ta l s . The purpose 
of t h e work was t o c o l l e c t r e l e v a n t da ta needed f o r an assésément of e r o s i o n , 
pumping, and emission of i m p u r i t i e s of the f i r s t wa l l of a f u s i o n r e a c t o r 
and t o check f o r s e r i o u s gaps . 
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Today i t i s l a r g e l y agreed t h a t t h e f i r s t vacuum wa l l of a f u s i o n 
r e a c t o r must c o n s i s t of me ta l . I n s u l a t o r s may n o t be exposed t o t h e r a d i a -
t i o n of neu t rons , e l e c t r o n s , i o n s , and n e u t r a l p a r t i c l e s coming from the 
plasma s ince t h e damage in them caused by r a d i a t i o n i s sure t o reach an 
i n t o l e r a b l e l e v e l . Wherever i n s u l a t o r s are unavoidable , they must be 
s h i e l d e d a g a i n s t t h i s r a d i a t i o n . The p r e s e n t l i t e r a t u r e s tudy i s t h e r e f o r e 
l i m i t e d t o e f f e c t s on me ta l s . Since i n s u l a t o r w a l l s f o r c u r r e n t plasma 
exper iments s t i l l p l ay a l a r g e p a r t , the p lasma-wal l i n t e r a c t i o n in t he 
case of i n s u l a t o r s i s t r e a t e d in a s e p a r a t e l a b o r a t o r y r e p o r t by G. Haas [64] . 

1. S p u t t e r i n g 

By bombardment of the f i r s t vacuum w a l l with f a s t n e u t r a l p a r t i c l e s , 
i o n s , and n e u t r o n s , atoms a t t h e s u r f a c e a re knocked loose.,.and t h e w a l l i s 
g radua l ly e roded . S p u t t e r i n g has two a s p e c t s i n r ega rd t o t h e p lasma-
w a l l i n t e r a c t i o n : (1) d e s t r u c t i o n of t h e w a l l due t o e ros ion and (2) con-
tamina t ion of the plasma by atoms and i o n s produced by s p u t t e r i n g . 

I n o r d e r t o be ab le t o a s s e s s the e ro s ion of t h e w a l l by bombardment 
wi th p a r t i c l e s , we must know t h e f l u x of p a r t i c l e s on the wa l l as wel l as 
t h e i r composition and energy d i s t r i b u t i o n and a l s o t h e amounts of s p u t t e r -
ing f o r t h e d i f f e r e n t s p e c i e s of p a r t i c l e s and p a r t i c l e e n e r g i e s . 

Determining f a c t o r s in the contamination of t h e plasma a r e t h e n a t u r e , 
s t a t e of charge , and energy d i s t r i b u t i o n of t h e p a r t i c l e s emi t t ed in s p u t t e r -
i n g . In the f u s i o n r e a c t o r , t h e pr imary s t ream of p a r t i c l e s i n c i d e n t on 
the wal l i s composed of 

1. Atoms and i o n s of t h e f u s i o n plasma (deuter ium, t r i t i u m , helium) 
2. Neutrons H 

3. Atoms and ions of t h e wa l l m a t e r i a l , which a r e hea t ed in t h e plasma 
and a f t e r n e u t r a l i z a t i o n by charge t r a n s f e r r e e n t e r t h e wa l l wi th high 
energy 

4 . Atoms and i o n s of i m p u r i t i e s ( e . g . , О o r С which have t h e i r source 
i n t h e oxide c o a t i n g of t h e wal l m a t e r i a l o r reach the s u r f a c e by 
d i f f u s i o n from t h e i n t e r i o r ) 

There i s no a c c u r a t e knowledge of t he s t a t e of charge of the plasma p a r t i -
c l e s t h a t impinge on the w a l l . I t i s mainly dependent on t h e e x t e n t of 
i o n i z a t i o n by i r r a d i a t i o n of t h e gas l o c a t e d between t h e ho t f u s i o n plasma 
and t h e w a l l , t he d e n s i t y and tempera ture of t h i s gas , and t h e d i s t a n c e 
from t h e wa l l from which f a s t n e u t r a l p a r t i c l e s formed by charge exchange 
can reach the wa l l w i thou t f i r s t becoming i o n i z e d (61, 6 2 ] . J u s t as uncer -
t a i n i s t h e energy d i s t r i b u t i o n . I t i s determined by t h e tempera ture of 
the plasma in d i r e c t p rox imi ty t o t he w a l l and the t empera ture of t h e l a y e r s 
of plasma from which f a s t uncharged n e u t r a l p a r t i c l e s reach t h e w a l l . 

The e lements vanadium, niobium, tan ta lum, and molybdenum and t h e 
a l l o y s TZM (0.5%, 0.08% Zr, 99% Mo) and 80% Va + 20% Ti a s we l l a s 
v a r i o u s s t a i n l e s s s t e e l s have been cons idered as m a t e r i a l s f o r the f i r s t 
vacuum w a l l . (Owing t o i t s h igh r e a c t i v i t y , Ta p l a y s a secondary r o l e . ) 

The s p u t t e r i n g of the f i r s t vacuum wal l of a f u s i o n r e a c t o r h a s been 
t r e a t e d in a s e r i e s of paper s [11-14, 44) which, however, d e a l mainly wi th t h e 
e rod ing e f f e c t , whi le the emiss ion of p a r t i c l e s i n t o t h e plasma g e t s very 
l i t t l e c o n s i d e r a t i o n . Moreover, a l l t hese a r t i c l e s a r e based on an i n c i d e n t 
p a r t i c l e energy of about 20 keV f o r atoms o r i ons and 14 MeV f o r n e u t r o n s . 



I t i s more p robable , however« t h a t the moan energy of the atoms t h a t impinge 
on the wa l l i s s m a l l e r , a© they comc Cram co lder boundary l a y e r s of plasma? 
in the case of neutrons* an apprec iab le "backshino" of low-o»iergy neu t rons 
must bo considered.* 

Reference i s f r e q u e n t l y made below t o a f u r t h e r s e r i e s of summarizing 
monographs and a r t i c l e s on s p u t t e r i n g £1-53. 

1 . 1 S p u t t e r i n g y i e l d s 

The s p u t t e r i n g y i e l d , S, g ives the r a t i o of t he number of atoms eroded 
away t o t he number of i n c i d e n t atoms o r i o n s {23. S p u t t e r i n g i s gene ra l ly 
r e l a t e d t o a l o s s in weight of t he m a t e r i a l . In some case? * the t a r g e t mass 
may remain cons tan t o r even i n c r e a s e , v i z . when the t o t a l mass of i nc iden t 
p a r t i c l e s c o l l e c t e d by t h e t a r g e t i s g r e a t e r than the t o t a l m s s of p a r t i c l e s 
l o s t by s p u t t e r i n g . This i s t he case e s p e c i a l l y i f the s p u t t e r i n g y i e l d i s 
small and /o r the p r o b a b i l i t y of c o l l e c t i o n i s g r e a t , e . g . , in the case of 
s p u t t e r i n g by hydrogen o r carbon. 

a) Spu t t e r i ng with H+, D*# and He*. S p u t t e r i n g y i e l d s with H+, D+, and 
He* a r e so small t h a t they a re d i f f i c u l t to measure owing to t h e high proba-
b i l i t y of c o l l e c t i o n i n soma cases , e s p e c i a l l y of hydrogen in some metal*» 
The a v a i l a b l e data must t h e r e f o r e be cons idered with c a u t i o n . 

S p u t t e r i n g y i e l d s i4»r H*, D*, and He4 in the energy range 0.1-100 fceV 
are compiled in F i g s . 1 and 2. Except f o r the measurements of Vonts e t al» 
[9] which were made a t llOOOC, these were a l l determined a t room tempera ture . 
The measurements of Ken Knight e t a l . (27} vera made with Ha* o r Из*, and 
the s p u t t e r i n g y i e l d was c a l c u l a t e d by d i v i d i n g the primary energy by 2 o r 
3. I t may reasonably be assumed t h a t an H2* ion of energy Б has the same 
s p u t t e r i n g y i e l d as two H* i o n s , each having an energy of Б /2 . Hie same 
holds t r u e f o r H3*, wi th 3 s u b s t i t u t e d f o r 2 . From these measurements f o r 
1 - t o 5-keV H* i o n s , s p u t t e r i n g r a t e s a r e determined f o r Ag and Au which 
agree we l l with the va lue s of Grönland and Koore {28} f o r Ag. 

The p l o t s of a l l . measurements of s p u t t e r i n g a re very s i m i l a r in 
g e n e r a l . Between 1 and 10 keV the y i e l d s have a very f i a t maximum, bu t 
be .Tow 1 keV they drop o f f very abrup t ly while a t h ighe r ene rg ies they decrease 
s lowly . The measurements of Gusev (25] f o r D* on tanta lum a r e probably in 
e r r o r due t o c o l l e c t e d gas s ince they ware performed by the weight l o s s method. 

b) S p u t t e r i n g with t r i t i u m . Because of the e x t e n s i v e s a f e t y measures 
needed in handl ing t r i t i u m , no measurements have been made with i t before* In 
s t u d i e s o f wal l e ros ion in fu s ion r e a c t o r s (8 ,12,13) t h i s po in t was no t t r e a t e d . 
Daniel e t a l . I l l ] a t tempted t o e s t ima te s p u t t e r i n g y i e l d s with t r i t i u m . They 

* A f t e r t h i s r e p o r t was p repared , a review by R. Behrisch-was pub l i shed in 
R u d . Fusion 12: 695 (1972) in which the d i s t r i b u t i o n of energy of the 
i n c i d e n t atoms and ions and neut rons were taken i n t o account . Fu r the r 
r e f e r e n c e i s made to a paper by H. V e m i c k e l , Nucl. Fusion 12 : 386 (1972). 
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«roue t h a t the r a t i o of the s p u t t e r i n g y i e l d s wi th T and ft should correspond 
t o i t » r a t i o of t he s p u t t e r i n g y i e l d s with И3+ (27): 

This e s t i m a t i o n i s no t j u s t i f i e d p h y s i c a l l y s ince the p rocesses of c o l l i s i o n 
in the case of s p u t t e r i n g wi th molecular i ons d i f f e r from those wi th atomic 
ions . As Knight and Wehnor 127) have shown, the molecular ions s p l i t up 
i n t o t h e i r atomic components in pass ing through the s u r f a c e , whereby the 
t o t a l energy i s evenly d i s t r i b u t e d over a l l components. 

The t h e o r i e s of R, s . Pease as well a s those of Goldman and Simon (2) 
f o r t h e « p u t t e r i n g of l i g h t ions a re va l id only f o r the range of high 
primary e n e r g i e s U e . t h a t of Rutherford b a c k - s c a t t e r i n g ) *rhe s p u t t e r i n g 
y i e l d i s determined by t he c r o s s - s e c t i o n f o r displacement of atoms 

• ' <r v 

and t h e mean energy of the "primary reco i l* ,* ' the mean energy which 
on impact with a primary ion i s t r a n s f e r / " со an atom of the l a t t i c e , 

Б » — ; In 
E d E d 

The expression i l » 4M- M 9 / ( M t + ML)Z the maximum energy trans fer 
i » Z I 2 
factor on c o l l i s i o n of two p a r t i c l e s with masses M̂  and M2* Zx and Z2 are 
the atomic numbers of the p a r t i c l e s , and Ed i s the energy of displacement. 
The cross - sec t ion f o r displacements^accordingly increases approximately in 
proportion to MjZ^2. The value o f В i s only s l i g h t l y dependent on M*. 
Therefore we can expect a dependence of the sputtering y i e l d which i s pro-
port ional t o Mi2i2 . This est imation a l so agrees with the sputtering theory 
of Thonpson 1653 which i s a l so v a l i d for low primary energ i e s . From t h i s 
we obtain the r a t i o s 

sT+ 
« 1 , 5 and 5 ^ 0 , 2 

D H e + 

The measured sputtering y i e l d s for D+ and He-*- {8} and the expected values for 
tr i t ium i f the ca l cu la t ion i s based on one of the above r a t i o s are shown in 
Table 1 . 

From t h i s est imate we obtain values d i f f e r i n g by a factor of 2 to 5 , depending 
on whether the measured sputtering y i e l d s for D+ and He+ i n niobium are used as the 
s tar t ing po int . The reason for t h i s i s the greater deviat ion of the measured 
sputtering y i e l d s for He from theory [8 ] . However, smaller sputter ing y i e l d s 



f o r niobium wi th hydrogen and helium than would be expec ted Irom P e a s e ' s 
theory were found by Summers and coworkers , whi le those f o r s i l v e r were 
h ighe r {23 • 

Table 1 . Es t imated s p u t t e r i n g y i e l d f o r t r i t i u m on niobium from 
measurements f o r D* and He* on niobium 18) 

E [ k e V ] S T + 

I « j , » I S e * » , 
D * 

S H e + V 
« 0 , 2 

Hc+ 
20 0, 005 0, 0075 0, 07 0 ,014 
40 0, 003 0, 0045 0, 06 0, 012 
60 0 ,0015 0, 0023 0 ,055 0, 011 

A l l t h e o r i e s of s p u t t e r i n g f o r l i g h t i o n s f a i l t o c o n s i d e r t he s p u t -
t e r i n g due t o b a c k - s c a t t e r e d pr imary p a r t i c l e s . Tha t t h e e f f e c t of t h e s e 
i s a p p r e c i a b l e has been shown e x p e r i m e n t a l l y by Behr i sch and Weissman {45J, 
T h e r e f o r e i t appea r s meaningless to make more a c c u r a t e e s t i m a t e s o f t h e 
s p u t t e r i n g y i e l d s w i th t r i t i u m by means of t h e v a r i o u s t h e o r i e s . {In 
p r i n c i p l e , t h e b a c k - s c a t t e r i n g i s con ta ined i n t h e t heo ry of Sigmund {?) . 
The i n t e g r a l - d i f f e r e n t i a l e q u a t i o n s , however* we. те n o t e v a l u a t e d f o r t h i s 
case p r i o r t o t h i s timet. At p r e s e n t , Weissmann -is making an a t t e m p t a t 
numer ica l e v a l u a t i o n . } 

c) S e l f l u t t e r i n g . S p u t t e r i n g y i e l d s by heavy i o n s can be h i g h e r 
than t h o s e wi th l i g h t i ons by s e v e r a l o r d e r s of magni tude . Although t h e 
f l u x of f a s t heavy atom p a r t i c l e s on the w a l l i s p robab ly s m a l l , t h e s e 
could , n e v e r t h e l e s s , c o n t r i b u t e a p p r e c i a b l y t o t he e ros ion* F igu re 3 shows 
s e l f - s p u t t e r i n g y i e l d s o f v a r i o u s e lements wi th 45-keV ions a c c o r d i n g t o 
Almen and Bruce {1?}. The meta l s V, Hb, and Ko, which a re of i n t e r e s t a s 
wa l l m a t e r i a l s i n p a r t i c u l a r , show only s l i g h t « p u t t e r i n g . The a b s o l u t e 
v a l u e s , of course , a r e too low by a f a c t o r of about 0 . 5 , p robab ly because 
of s u r f a c e con tamina t ion . Summers e t a l . {83 have measured s e l f - s p u t t e r i n g 
y i e l d s of niobium in t h e range of e n e r g i e s between 10 and 80 keV ( F i g . 4 ) . 
The v a l u e of Almen and Bruce f l ? 3 i s denoted by I . In c o n t r a s t t o s p u t t e r -
i n g w i t h l i g h t i o n s , t h e s p u t t e r i n g y i e l d c o n t i n u e s t o i n c r e a s e up t o e n e r -
g i e s above 100 keV. The t h e o r i e s of Sigmund ( 7 Ь curve a , and o f Almen and 
Bruce {17], curve b , t o be s u r e , show t h e t r u e g e n e r a l t r e n d , b u t t h e a b s o l u t e 
va lues d i f f e r from e x p e r i m e n t . Se I f - s p u t t e r i n g y i e l d s a r e n o t known in t h e 
reg ion o f s p e c i a l i n t e r e s t below 10 keV. 

d) S p u t t e r i n g due t o c o n t a m i n a t i o n . Very l i t t l e i s known about t h i s . 
Xn many c a s e s a l a y e r i s b u i l t up by the bombarding ions on the s u r f a c e , 
which a c t s a s a p r o t e c t i v e l a y e r and d e c r e a s e s t he s p u t t e r i n g y i e l d in com-
p a r i s o n wi th t h e m a t e r i a l w i t h a c lean s u r f a c e . For example, i n bonbardment 
w i t h ca rbon , an i n c r e a s e in t a r g e t weight i s obse rved {17} which can be e x -
p l a i n e d by the b u i l d u p of a l a y e r of carbon on the s u r f a c e . S i m i l a r l y , 
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F i g . 3 . S e l f - s p u t t e r i n g y i e l d f o r m a t e r i a l s , us ing 45 keV ion energy Ц 7 ] . 

F i g . 4 . S e l f - s p u t t e r i n g y i e l d s 
of niobium as a f u n c t i o n of ion 
energy [ 8 ] . 
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oxygen forms an oxide l a y e r which r e s u l t s i n lower s p u t t e r i n g r a t e s . More 
w i l l be s a i d about t h i s in t he s e c t i o n on contaminated s u r f a c e s . 

e) S p u t t e r i n g by charged and uncharged p a r t i c l e s . Nearly a l l known 
measurements of s p u t t e r i n g have been made wi th i o n s . I n the f u s i o n r e a c t o r , 
however, some s t r i k e the wal l in the n e u t r a l s t a t e . What e f f e c t can the 
s t a t e of charge have on spu t t e r i ng j* Weiss e t a l . [5) have found g r e a t e r 
s p u t t e r i n g y i e l d s wi th 10-keV n e u t r a l H and He than i n t h e case of t he s i n g l y 
charged ions H* and He*. However, the r e s u l t may p o s s i b l y be exp l a ined by 
the presence of h igh-energy heavy n e u t r a l p a r t i c l e s in the unanalyzed 
primary beam. 

At low e n e r g i e s the p o t e n t i a l f o r i n t e r a c t i o n between bombarding p a r t i c l e s 
and atoms of the l a t t i o e can be dependent on t h e s t a t e of c h a r g e . On the 
o t h e r hand, t h e r e i s g r e a t p r o b a b i l i t y t h a t the bombarding p a r t i c l e a t 
low energy w i l l be n e u t r a l i z e d b e f o r e reach ing the s u r f a c e 118,19] . Hie 
p r o b a b i l i t y of n e u t r a l i z a t i o n i s a f u n c t i o n of t h e v e l o c i t y / v, of the ion p e r -
p e n d i c u l a r t o the s u r f a c e , 

P n « 1 - e x p ( -Vq/V ) 

For He+# 107 - 1 0 8 cm/sec. Below t h i s v e l o c i t y the i o n s a re n e u t r a l i z e d 
b e f o r e reach ing the s u r f a c e , i . e . , i n the case of He+ a t e n e r g i e s below 
1-10 keV, Below t h i s energy no e f f e c t of t he s t a t e of charge on s p u t t e r i n g 
may be expec ted . To mv knowledge, no va lues of vo have been determined f o r 
hydrogen. However, a s i m i l a r behav io r may be expec t ed . The s t a t e of charge 
should t h e r e f o r e have no e f f e c t on t h e s p u t t e r i n g y i e l d , 

f ) S p u t t e r i n g by n e u t r o n s . S p u t t e r i n g y i e l d s by neu t rons have been 
measured by v a r i o u s a u t h o r s ; Garber e t a l . 120-22) have observed s p u t t e r i n g 
y i e l d s of 3x10-3 atom p e r f a s t neu t ron in forward s p u t t e r i n g wi th 14-MeV 
n e u t r o n s on a gold s i n g l e c r y s t a l . S p u t t e r i n g y i e l d s of o the r me ta l s can be 
d e r i v e d on ly i n d i r e c t l y from t h e s e s t u d i e s . Thus f o r Mo a s p u t t e r i n g r a t e f o r 
f a s t r e a c t o r neu t rons was determined which i s a f a c t o r of about 10 lower than 
t h a t f o r Au. Norcross e t a l . (23] found f o r f a s t r e a c t o r neu t rons on.Au a 
s p u t t e r i n g y i e l d of (1 .0+1 0 , 3)xl0"'4 , he nee one which i s s i g n i f i c a n t l y lower 
than t h a t of Garber et a l . ( a l s o by a c t i v a t i o n a n a l y s i s ) . 

F i n a l l y , Ke l l e r (24J g i v e s upper l i m i t s f o r the r a t e s of s p u t t e r i n g 
of Cu, Au, W, I n , and Mo with 14-MeV n e u t r o n s : 

Cu : S 3,9.10"2 W : S 1 , Ы 0 ~ 2 In : S 3.6.10"4 

A u : S 6-10' 1-4 M o : S 10~4 

Sigmund*s theory (7] of s p u t t e r i n g g ives the y i e l d f o r s p u t t e r i n g wi th 
neu t rons i 

Sn * 2AgNe-<>?(E)> n fl 

where 3/{4"ir2N С U ); U Is the binding energy of a target atom which ' о о ' о 
l e aves t h e s u r f a c e p e r p e n d i c u l a r l y ; Co i s a c o n s t a n t of t h e m a t e r i a l ; g i s 
a f a c t o r of t h e geometry; N i s the d e n s i t y of atoms in the t a r g e t ; 6Гn i s t he 
t o t a l c r o s s - s e c t i o n f o r n e u t r o n s ; and <y(B) > i s t h e mean va lue of t h e com-
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ponent of "recx)il energy" which goes i n t o e l a s t i c c o l l i s i o n s determined over 
t h e whole " r e c o i l energy" spec t rum. For ^ « 4 fcev (Munich r e a c t o r ) , 
Sigmund o b t a i n s S n « l x l 0 " 5 f D r д и . f o r 14-MeV neu t rons he e s t i m a t e s va lues 
between 10-4 and 10*"3. 

K e l l e r e s t i m a t e s t h e s p u t t e r i n g y i e l d due t o n e u t r o n s as fo l l ows : 
Only t h o s e atoms which have undergone c o l l i s i o n and which are l o c a t e d in a 
s u r f a c e l a y e r wi th a t h i c k n e s s x (<vl00 ft) cause s p u t t e r i n g . The f r a c t i o n of 
the i n c i d e n t neu t ron f l u x which c o l l i d e s wi th an atom of t he t a r g e t in the 
l a y e r x i s 1 - exp (~£Гп Nx) . This va lue i s m u l t i p l i e d by the s e l f - s p u t t e r i n g 
y i e l d S s accord ing t o Almen mid Bruce [17) and g ives 

* 1 л 2 1 A, , J I , 

s s f>exp(-<r Nx)3 4,24x10" NR E T exp ( - l l , 2E B/2/M) a toms/neutron 

where R i s t h e impact c r o s s - s e c t i o n a t t he i o n i c energy E ( in m) ; EB i s t he 
b i n d i n g energy ( in eV) ; and M i s the mass of t h e metal atom. For 14-keV 
neu t rons on Mo we o b t a i n a s p u t t e r i n g y i e l d of S n # 10 a tom/neut ron . 

A l l measurements and t h e o r e t i c a l e s t i m a t e s permi t no s t a t emen t concern-
i n g t h e exac-t s p u t t e r i n g y i e l d w i t h n e u t r o n s . However, we can assume va lues 
of l e s s than 10-3 w i t h r easonab le c e r t a i n t y f o r the d i f f i c u l t l y f u s i b l e m e t a l s . 

g) S p u t t e r i n g of a l l e y s . Guseva [25] caused s p u t t e r i n g of s t a i n l e s s 
s t e e l wi th D*. The va lues a re p l o t t e d in F i g . 1 . The maximum s p u t t e r i n g y i e l d 
i s between 5 and 10 keV. I t i s a f a c t o r of about 8 h i g h e r than t h a t f o r Nb. 

Borovik e t a l . [55] found a s p u t t e r i n g y i e l d of 9x10-3 wi th 35-keV H+ 
on s t a i n l e s s s t e e l . Th i s was determined g r a v i m e t r i c a l l y by the i n c r e a s e i n 
weight of t h e c o l l e c t o r . 

I n the case of s p u t t e r i n g of a l l o y s , t h e components w i th t h e lowest 
s p u t t e r i n g y i e l d become concen t r a t ed i n t h e s u r f a c e l a y e r . The s p u t t e r i n g 
y i e l d , a f t e r a c e r t a i n t ime of a c c e l e r a t i o n , should drop t o a va lue t h a t 
cor responds t o t h e new composi t ion of the t a r g e t s u r f a c e (Tarng and Wehner 
(29 ] ) • 

h) E f f e c t of s u r f a c e s t r u c t u r e on t h e s p u t t e r i n g y i e l d . The s p u t t e r i n g 
y i e l d d e c r e a s e s wi th i n c r e a s i n g roughness of t h e s u r f a c e (Rosenberg and 
Wehner [16]) because more s p u t t e r e d atoms are t r apped aga in and cannot l eave 
t h e t a r g e t . This e f f e c t i s s t r o n g e r a t lower e n e r g i e s because then the 
m a t e r i a l on t h e average i s e m i t t e d a t f l a t t e r ang les wi th r e s p e c t t o t h e 
s u r f a c e (30 ) . Thus, f o r example, t h e s p u t t e r i n g y i e l d of a t h readed rod 
amounts t o only 50% of t h a t of a smooth rod (100 eV Ar** N i ) , a l though the 
s p u t t e r i n g y i e l d due t o t h e ob l i que i n c i d e n c e on the th readed s u r f a c e would 
have t o be h i g h e r than in t h e case of p e r p e n d i c u l a r i n c i d e n c e . There a re 
two r e a s o n s f o r t h i s : The atoms s p u t t e r e d a t an ob l ique ang le of i nc idence 
a r e p r e f e r e n t i a l l y e m i t t e d i n t h e forward d i r e c t i o n and hence s t r i k e on t h e 
w a l l aga in somewhere in t h e fur row; and atoms omi t ted o b l i q u e l y t o the t a r g e t 
a r e caught by the ne ighbor ing tu rn of t h e t h r e a d . The p o r o s i t y of t he t a r g e t 
a l s o lowers the s p u t t e r i n g y i e l d . Martinenko [31], i n t h e s p u t t e r i n g of Mo 
and W wi th 200- t o 500-eV Cd+, f i n d s f o r p o r o s i t i e s o f 50% o r g r e a t e r s p u t t e r i n g 
y i e l d s approximate ly 50% of t h a t o f t h e massive t a r g e t . 
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For s p u t t e r i n g wi th hydrogen and hel ium i o n s , no such measurements 
a r e known. Since t h e s u r f a c e of a t a r g e t can become very rough under c e r -
t a i n c o n d i t i o n s owing t o format ion of bubb le s , t he very small s p u t t e r i n g 
y i e l d of hydrogen could be a t t r i b u t e d in p a r t t o t he roughness of t he 
s u r f a c e . Thereby, of course , i t i s a m a t t e r of a second-order e f f e c t . 
Here e v e n t u a l l y an e f f e c t of tempera ture on the s p u t t e r i n g y i e l d i s p o s -
s i b l e s i n c e a t high temperature the s u r f a c e has a d i f f e r e n t appearance 
than a t a low t empera tu re . Measurements a t low e n e r g i e s should be the main 
ones made. 

D S p u t t e r i n g of contaminated s u r f a c e s . The p r i n c i p a l contaminants 
of t h e s u r f a c e of a wal l a re probably f i lms of ox ide . F u r t h e r , l a y e r s of 
carbon can b u i l d up on the s u r f a c e with t ime owing t o t h e JLqw s p u t t e r i n g 
y i e l d . Measurements of the s p u t t e r i n g y i e l d s of me ta l s by 'hydrogen o r 
hel ium ions in the reg ion of e n e r g i e s below 20 keV in the presence of s u r -
f a c e l a y e r s a re n o t known. Smith e t a l . [32] have found t h a t the s p u t t e r i n g 
of Cu wi th 500-keV He+ becomes sma l l e r by a f a c t o r of 100,when t h e r e i s a 
f i l m of carbon of lO*7 atoms/cm2 on t h e s u r f a c e . 

A t h i n l a y e r of ga l l ium was proposed by Pa rke r [33] f o r dec rea s ing the 
s p u t t e r i n g y i e l d of t an ta lum. This p r o c e s s proved u s e f u l mainly a t low 
e n e r g i e s (below 100 eV) and hence i n the neighborhood of t he t h r e s h o l d 
energy . Layers of oxide could a i s o c o n t r i b u t e t o t h e decrease of t h e 
s p u t t e r i n g y i e l d [2 ] , However, he re a l s o t h s r e a r e no known measurements 
wi th hydrogen i o n s . S t i l l , i t i s p robab le t h a t an oxide l a y e r i s n o t 
s t a b l e under bombardment wi th hydrogen i o n s , so t h a t i t does no t a c t a s a 
p r o t e c t i v e l a y e r . 

j ) Threshold energy . The i o n i c energy below which s p u t t e r i n g no longer 
t a k e s p l a c e is c a l l e d the t h r e s h o l d ene rgy . Measurements of t h e t h r e s h o l d 
energy are extremely d i f f i c u l t s i nce very smal l s p u t t e r i n g y i e l d s must be 
measured. A summary of the impor t an t a r t i c l e s i s found in r e f . 2 . 

S ince the energy t r a n s f e r r e d on impact i s a f u n c t i o n of t h e r a t i o of 
t h e masses of t h e ion and t h e atom of t h e l a t t i c e , a dependence of the t h r e s h o l d 
energy on t h i s r a t i o may be expec ted . The measurements, however, do n o t show 
t h i s dependence. I n s t e a d , t h e r e i s a n e a r l y l i n e a r r e l a t i o n between the 
t h r e s h o l d energy and t h e h e a t of sub l ima ta t i on of the t a r g e t . The t h r e s h o l d 
e n e r g i e s of most m e t a l s on s p u t t e r i n g w i t h noble ga se s a re between 10 and 
35 keV. 

The lowes t t h r e s h o l d s were measured by Morgul is and coworkers [35Î . 
According t o t h e s e measurements t h e t h r e s h o l d e n e r g i e s f o r helium a r e b e -
tween 11 eV (Sb) and 20 eV (W) . The measurements, however, a re p robab ly 
cond i t ioned by t h e presence of doubly charged ions in the plasma of t h e 
gas d i s c h a r g e . Without q u e s t i o n , the t h r e s h o l d energy depends on the con-
d i t i o n of t h e s u r f a c e . Henschke [34] d i s t i n g u i s h e s two extreme v a l u e s : a s 
a maximum the t h r e s h o l d energy f o r a complete p l a n e and as a minimum t h e 
t h r e s h o l d energy f o r de tach ing an i s o l a t e d atom on a complete p l a n e . 

k) E f f e c t of t a r g e t t e n p e r a t u r e on s p u t t e r i n g . I t i s gene ra l l y agreed 
t h a t s p u t t e r i n g of meta l s i s caused by cascades of impacts which are produced 
in t h e l a t t i c e by the i n c i d e n t i o n . Even l e s s i s known about t h e mechanism 
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of propagation of an impact cascade in the lattice. Most important, it 
has not yet been decided what share the focusing series of impacts [2,3,5] 
has in the propagation of the cascade. Therefore it is not possible at 
present to estimate the effect of temperature on the sputtering yield. 
Several interdependent factors are involved: 

1. Due to rising temperature, the propagation of the focusing series of 
impacts is impeded by the thermal vibrations of the atoms of the lattice. 

2. Lattice defects heal completely more easily at high temperature, and 
thus the crystal order of the bombarded material will be higher at 
high temperature than at low. 

3. At high temperatures, less injected gas is packed upj^the surface is 
thus in a purer condition. 

In most cases a slight increase in sputtering with increasing tempera-
ture is observed; however, the effect is insignificant as long as the tem-
perature is not close to the melting point [5]. Carlston et al., in the 
sputtering of Mo, W, and Ta with 2- to 10-keV Ar+, find an increase in the 
sputtering yield of 26, 28, and 39%, respectively, in the temperature 
range 350 to 100Оок. 

Beginning at about 0.8Tm (Tm = melting temperature), the sputtering 
yield shows a great increase [46]. This increase can be explained by 
evaporation from so-called "thermal spikes." 

1) Dependence of sputtering yield on the angle of incidence. Sputtering 
yields have been measured as a function of the angle of incidence formed 
with the normal to the surface by Summers et al. [8] for the system D+ — ^ 
Nb. The results of the measurements agree with expected (cos 0 ) d i s t r i -
bution but can also be described by a (cos 8)""2 distribution owing to the 
relatively high error of measurement (Fig. 5). 

The dependence of the sputtering yield on the angle for the self-
sputtering of Nb was measured by the same authors. The found 

S«9) = S (cos<9)~3/2 

in good agreement with the theoretical result of Sigmund [7], who predicted 

S(0) = S q (cost?)'1-6 

An increase in the sputtering yield with the angle of incidence, 
however, is found only for angles that are not too great. For 0 it 50o, 
S(0) reaches a maximum for many target-ion combinations and at greater 
values of 0 again decreases [2,5]. Summers et al. [8] have measured sputter-
ing yields of niobium with hydrogen and helium only up to 0 ̂  60°; there-
fore the position of the maximum cannot be determined from their measurements. 

1.2 Emission of material produced by sputtering 

In the plasma contamination and the recycling process, the state of 
charge, the angular distribution, and the energy distribution of the sputtered 
material play a significant role. 
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Аь ha s been long known [2] , i n t he e ros ion of me ta l s t he bulk of t h e 
m a t e r i a l t h a t i s e roded away i s n e u t r a l . Normally, the f r a c t i o n of i o n i z e d 
s p u t t e r e d atoms i n c r e a s e s wi th contaminat ion of the s u r f a c e by chemical ly 
a c t i v e adso rba t e s 137-39]. 

The c r y s t a l l i n e s t r u c t u r e of t h e m a t e r i a l ( e . g . , i t s t e x t u r e ) i 's of 
g r e a t importance f o r t h e angular d i s t r i b u t i o n of t h e m a t e r i a l removed in 
s p u t t e r i n g . Only very l i t t l e i s known about angu la r d i s t r i b u t i o n s in 
s p u t t e r i n g with hydrogen and helium ions . Grönland and Moore [28] wi th 
9-keV D+ on Ag f i n d a d i s t r i b u t i o n which corresponds approximately t o t h e 
cos ine law and which i n the case of ob l ique inc idence of the ions shows a 
s l i g h t bulge in t h e forward d i r e c t i o n . Wehner and Rosenberg [30] , on 
bombarding v a r i o u s me ta l s wi th 0 . 1 - t o 1.0-keV Hg+ f i n d t h a t a t smal l bom-
b a r d i n g e n e r g i e s the s p u t t e r e d p a r t i c l e s show a d i s t r i b u t i b n * t h a t i s f a r 
below the cos ine d i s t r i b u t i o n , i . e . , the f l a t e x i t ang le i s given p r e f e r -
ence over the e x i t ang le p e r p e n d i c u l a r t o the s u r f a c e . Conversely, i n 
s p u t t e r i n g w i t h h igh-energy pr imary p a r t i c l e s , a d i s t r i b u t i o n of s p u t t e r e d 
p a r t i c l e s above the cos ine d i s t r i b u t i o n i s found. 

The energy d i s t r i b u t i o n of t h e s p u t t e r e d atoms has been measured many 
t imes b u t no t f o r s p u t t e r i n g with hydrogen i o n s . S t u a r t and Wehner [40] f i n d 
f o r atoms e m i t t e d p e r p e n d i c u l a r l y t o t h e s u r f a c e a d i s t r i b u t i o n of v e l o c i t i e s 
which approximates a Maxwell d i s t r i b u t i o n , having i t s maximum a t a few eV. 
T h i s maximum i s s h i f t e d t o h ighe r e n e r g i e s wi th i n c r e a s i n g energy of the 
impinging i o n s . The mean energy of the s p u t t e r e d atoms, however, a t a pr imary 
energy of about 1 keV reaches a c o n s t a n t v a l u e , a l though t h e s p u t t e r i n g 
y i e l d con t inues to r i s e wi th the energy and the h igh-energy t a i l i n g - o f f 
p o r t i o n of t h e curve i s more pronounced. In a d d i t i o n , the energy of emis-
s i o n dec rease s wi th s m a l l e r mass of the bombarding p a r t i c l e s . The au tho r s 
e x p l a i n t h i s by the assumption t h a t t h e l i g h t ions p e n e t r a t e deeper i n t o t h e 
m a t e r i a l b e f o r e they t r a n s f e r energy i n a c o l l i s i o n with atoms of t h e 
l a t t i c e . Thereby t h e p a r t i c l e s s p u t t e r e d by l i g h t ions s u f f e r a g r e a t e r 
energy l o s s b e f o r e they l e a v e the s u r f a c e . The same au tho r s have made t h e 
f u r t h e r obse rva t ion t h a t t he energy of the s p u t t e r e d atoms i n c r e a s e s 
w i t h the angle t h a t the emi t t ed p a r t i c l e s form wi th the t a r g e t s u r f a c e . 
F i n a l l y , S t u a r t e t a l . [41] f i n d t h a t the mean emi t t ed energy i s l o w e r , t h e 
g r e a t e r t h e s p u t t e r i n g y i e l d of t he m a t e r i a l . Heavy t a r g e t atoms have 
h i g h e r emission energy whi le l i g h t ones have a h i g h e r emiss ion v e l o c i t y . 

Thompson [42], in s p u t t e r i n g of Au w i t h Ar+ and Xe+ (43 and 66 keV, 
r e s p e c t i v e l y ) , f i n d s t h a t the energy d i s t r i b u t i o n of the s p u t t e r e d atoms 
i s a f u n c t i o n of 1/E2 between 10 and 1000 keV. In the region of p a r t i c u l a r 
i n t e r e s t t h a t of t h e maximum d i s t r i b u t i o n between 1 and 10 eV, 
r e p r o d u c i b i l i t y i s poor . 

Measurements of t h e energy d i s t r i b u t i o n of Oechsner [43] f o r 900-eV 
Ar+ on va r ious metals a re i n good agreement with the r e s u l t s of S t u a r t 
and Wehner. 

The energy d i s t r i b u t i o n s of s p u t t e r e d atoms on bombarding wi th hydrogen 
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have no t been measured p r i o r t o now. The energy of the s p u t t e r e d i o n s 
does n o t permi t any conc lus ions , a s they c o n s t i t u t e only a very small 
f r a c t i o n . 

1 .3 Problems of the wal l in d i v e r t o r s and on l i m i t e r s 
• • 1 • " • ' • 

For va r ious reasons , one of which i s a l s o the high r a t e of e ros ion 
of the f i r s t vacuum wall by s p u t t e r i n g , a t p r e s e n t a fu s ion r e a c t o r wi thout 
a d ive r t o r appears imprac t i cab l e , i n t h i s case a l a r g e p a r t of the load 
on the wal l by bombardment with p a r t i c l e s i s s h i f t e d onto the wa l l s of t he 
d i v e r t o r . In a cont inuously ope ra t i ng 5-MW(th) r e a c t o r some 10^3 i o n s p e r 
second wi th a mean energy of about 20 keV would flow i n t o the d i v e r t o r . I t 
appears p o s s i b l e t o provide s u r f a c e s in the d i v e r t o r which a re l a rge 
enough to keep the f l u x of energy p e r su r f ace w i th in t o l e r a b l e l i m i t s . 
But he re a l so the e ros ion of the wal l by s p u t t e r i n g w i l l l i m i t the l i f e -
t ime. In p a r t i c u l a r , atoms of the wal l m a t e r i a l which has been eroded 
away can become hea ted i n t he plasma and then c o n t r i b u t e apprec iab ly t o 
the s p u t t e r i n g . I t w i l l be necessary t o d i r e c t the f l u x of p a r t i c l e s on to 
the wa l l of t he d i v e r t o r a t p l aces on which the wa l l m a t e r i a l i s e s p e c i a l l y 
th ick or which can be e a s i l y r ep laced from o u t s i d e . 

A p lasma-sur face problem of a somewhat d i f f e r e n t type occurs in pu l sed 
machines when, toward t he end of the d i scharge , the plasma becomes u n s t a b l e 
and wi th in a few mi l l i s econds to microseconds f a l l s on to the w a l l , lhen 
some 100 Joules/cm2 in a p u l s e i s t r a n s f e r r e d t o t he uppermost l a y e r s of 
atoms of the w a l l . I f t he energy cannot be conducted away wi th in the s h o r t 
t ime by h e a t conduct ion, a t h in su r f ace l a y e r i s hea ted wi th in a s h o r t t ime 
t o such a high temperature t h a t evaporat ioi ipf m a t e r i a l occurs . In appara tus 
s i m i l a r t o t he Tokomak, even now the main source of e ros ion appears t o be 
v o l a t i l i z a t i o n . Ma te r i a l s of high mel t ing p o i n t and/or low vapor p r e s su re 
and high h e a t conduc t iv i ty a r e b e s t s u i t e d t o t h i s s t r e s s . Curves of vapor 
p r e s s u r e f o r me ta l s may be found in t he l i t e r a t u r e (66) . 

2 . Chemical I n t e r a c t i o n s 

Chemical r e a c t i o n s wi th the wal l m a t e r i a l take p l a c e : 

1 . On bombardment of t he wal l with e n e r g e t i c p a r t i c l e s of chemical ly 
a c t i v e e lements , e . g . , oxygen. Mainly s u r f a c e l a y e r s «ire b u i l t up, 
which have an e f f e c t on the s p u t t e r i n g y i e l d (see above) o r desorb by 
bombardment w i th o t h e r p a r t i c l e s . 

2 . In chemical s p u t t e r i n g , when t h e surrounding gas r e a c t s with the wal l 
m a t e r i a l t o form a v o l a t i l e compound. Thus t he wal l i s e roded . Such 
p roces se s have n o t been found with the m e t a l l i c wal l m a t e r i a l s and 
gaseous components of i n t e r e s t ( p r i n c i p a l l y hydrogen). 

3. Upon d i s s o l v i n g of l a r g e amounts of gas , when the s t r u c t u r e of t h e meta l 
wal l and i t s mechanical p r o p e r t i e s can be changed cons ide rab ly . This 
is the case especially in the highly hydrogen-dissolving metals vana-
dium, niobium, and tantalum. At high temperatures (above 6OO0C), which 
the wall of a fusion reactor will have, however, the achievable equili-
brium concentrations of hydrogen in the wall are too small to produce 
euch changes. 
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Thus chemical r e a c t i o n s w i l l probably n o t be involved a t the f i r s t 
vacuum w a l l , as f a r a s the i n t e r f a c e between plasma and wa l l a r e cons ide red . 
P roces se s on t h e o p p o s i t e s i d e , which under c e r t a i n c o n d i t i o n s a r e cooled 
wi th l i q u i d l i t h i u m , a re no t t r e a t e d h e r e , 

3. I n j e c t e d and D i f f u s e d Gas, Pack D i f f u s i o n , Bubble Formation 

There a r e s e v e r a l a s p e c t s t o t h i s conplex problem: 

1 . P a s t n e u t r a l p a r t i c l e s from the plasma ( p r i n c i p a l l y hydrogen and helium) 
p e n e t r a t e i n t o the wa l l and can e i t h e r d i s s o l v e in the l a t t i c e o r , 
a f t e r reach ing a s a t u r a t e d c o n c e n t r a t i o n , be depos i t ed in the form of 
bubb l e s . *. * 

2 . I f t h e p r e s s u r e i n t h e bubble becomes too h igh , i t b u r s t s on t h e s u r -
f a c e ( b l i s t e r s ) • The gas conta ined in i t i s then l i b e r a t e d in a 
f r a c t i o n of a second. The format ion of bubbles i s mainly a func t ion 
of t h e s o l u b i l i t y and r a t e of d i f f u s i o n of the gas in the l a t t i c e . 

3 . By s p u t t e r i n g , p a r t i c l e s p r e v i o u s l y i n j e c t e d i n t o t h e w a l l and embedded 
o r d i s s o l v e d i n t h e l a t t i c e a r e s e t f r e e and can r e t u r n t o t h e gas 
space* 

4 . F i n a l l y , p a r t of t h e i n j e c t e d g a s , through d i f f u s i o n , r eaches the 
s u r f a c e again and goes back i n t o t h e vacuum. From processes 2 , 3, and 4 
t o g e t h e r , t h e p r o b a b i l i t y of p ick-up f o r t he boirbarding gas i s d e t e r -
mined. I t depends on the kind of bombarding p a r t i c l e s , t h e wal l 
m a t e r i a l , the pr imary energy, t he pr imary i n t e n s i t y , and t h e wa l l 
t empera tu re . 

5 . Between the o u t e r gas p r e s s u r e ( in t h e vacuum) and the c o n c e n t r a t i o n 
of t h e gas i n t h e w a l l , an e q u i l i b r i u m i s e s t a b l i s h e d . This can r e s u l t 
i n t h e cond i t i on t h a t , on f i r s t f i l l i n g of a r e a c t o r , a l a r g e p a r t of 
t h e hydrogen a t f i r s t d i s a p p e a r s in t h e w a l l . I n a d d i t i o n , r e l a t i v e l y 
small f l u c t u a t i o n s of tempera ture in t h e w a l l l e a d t o r e l a t i v e l y 
l a r g e emission o r a b s o r p t i o n of g a s . 

6« F i n a l l y , i t must be cons idered t h a t a l l da t a on s o l u b i l i t y , d i f f u s i o n 
c o n s t a n t s , e t c . t h a t have been measured on the annealed , un bombarded 
m a t e r i a l have on ly l i m i t e d s i g n i f i c a n c e f o r us because a l l t he se 
valises change under bombardment. S o l u b i l i t y and b ind ing energy depend 
e s p e c i a l l y on t h e concen t r a t i on of l a t t i c e d e f e c t s . P r o c e s s e s of 
d i f f u s i o n under t h e ac t i on of r a d i a t i o n take p l ace app rec i ab ly more 
e a s i l y than i n u n d i s t u r b e d m a t e r i a l . 

3 . 1 P i ck -up and r e -emiss ion of i n j e c t e d h igh-ene rgy gas atoms (hydrogen, 
helium) 

L i g h t , h igh-energy p a r t i c l e s with e n e r g i e s g r e a t e r than 1 keV a re 
b a c k - s c a t t e r e d on t h e s u r f a c e of a s o l i d t o only a s l i g h t e x t e n t . The major 
p a r t p e n e t r a t e s through t h e s u r f a c e i n t o t h e l a t t i c e . P a r t of t hese p e n e t r a -
t i n g atoms a r e b a c k - s c a t t e r e d by c o l l i s i o n s wi th atoms of t h e l a t t i c e and 
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leave the l a t t i c e wi th r e l a t i v e l y high energy (d i scussed in r e f . 6 3 ) ; the 
remainder come t o r e s t i n the l a t t i c e and d i f f u s e through i t u n t i l the 
atoms e i t h e r reach the s u r f a c e o r a re c o l l e c t e d in a bubble . 

The depth a t which t h e atoms come t o r e s t depends on the pr imary 
energy. S c h i ^ t t (48] has c a l c u l a t e d the t h e o r e t i c a l ranges f o r hydrogen in 
me ta l s . However, the theory was de r ived f o r amorphous subs t ances , so t h a t 
in p o l y c r y s t a l l i n e m a t e r i a l in some cases apprec iab ly g r e a t e r r anges (up 
t o a f a c t o r of 10) can occur as a r e s u l t of t h e l a t t i c e guiding e f f e c t . 
Measurements of t h e depth of p e n e t r a t i o n of hydrogen i n meta l s a r e very 
d i f f i c u l t s i nce t h e hydrogen, a f t e r p e n e t r a t i o n , becomes d i s t r i b u t e d through-
o u t t h e e n t i r e l a t t i c e owing t o d i f f u s i o n . The measurements of Chu and 
Friedman (50) , who measured the depth of p e n e t r a t i o n of 20-keV D+ in gold 
and aluminum by means of t h e D-D r e a c t i o n , y i e l d e d depths p e n e t r a t i o n of 
4-5000 R. For the depth of p e n e t r a t i o n ( p r o j e c t e d range) of 20-keV D+ in 
niobium, S c h i ^ t t found a va lue of 1700 8 [513. 

The o v e r a l l p r o b a b i l i t y of pickvç>,7l , of hydrogen and helium ions on 
va r ious meta ls has been measured many t imes . A review of t h e measurements 
wi th noble gases up t o about 1965 i s found i n the paper of C a r t e r and 
Col l igon [5 ] . The i n i t i a l l y high va lues of Vl f o r noble gases g r a d u a l l y 
drop a f t e r reach ing a bombardment dose of l O ^ - l O 1 6 cm"*2 t o very small 
va lues when s a t u r a t i o n i s r eached . 

Hydrogen behaves in an a l t o g e t h e r d i f f e r e n t way. McCracken and co-
workers [52-54] found t h a t Ц i s a f u n c t i o n of t he bombardment dose as we l l 
a s of the t a r g e t t empera tu re . Very high v a l u e s are found f o r t he me ta l s 
i n which hydrogen d i s s o l v e s r e a d i l y (v, Nb, Та) . F igure б shows У̂  as a 
f u n c t i o n of the tempera ture f o r a high bombardment dose . Above 500QK, 

drops o f f s h a r p l y and a t t h e expec ted w a l l t empera tu res , above 800OK, 
i s l e s s than 10% f o r niobium. I n F i g s . 7 and 8 the p r o b a b i l i t i e s of r e - e m i s -
s ion "for 18-keV D+- on n i c k e l a r e p l o t t e d as a f u n c t i o n of the bombardment 
dose f o r v a r i o u s t empera tu res and dose r a t e s . The p r o b a b i l i t i e s of p i c k -
up a r e apprec iab ly lower than f o r niobium i n t h e medium temperature range; 
however, they a re h i g h e r than esqœcted f o r annealed n i c k e l on the b a s i s 
of the expe r imen ta l ly determined d i f f u s i o n c o n s t a n t s . 

Thermal deso rp t ion s p e c t r a show t h a t t h e r e are many d i s c r e t e a c t i v a -
tion e n e r g i e s a t which the i n j e c t e d deuterium i s again emi t t ed , and t h e s e 
delayed r e - e m i s s i o n s can be c o r r e l a t e d t o t h e cap ture of i n c i d e n t i o n s in 
va r ious c o n f i g u r a t i o n s of damage by i r r a d i a t i o n . Measurements of Borovik 
e t a l . [55] on s t a i n l e s s s t e e l show a s i m i l a r behavior (Fig . 9 ) . 

In c o n t r a s t t o hydrogen, hel ium has a n e g l i g i b l e s o l u b i l i t y i n most 
m e t a l s . Under bombardment, however, j u s t as i n the case of hydrogen, 
d i f f u s i o n i s impeded by cap tu re on d i f f e r e n t c o n f i g u r a t i o n s of i r r a d i a t i o n 
damage [56] . 

Formation of bubb le s . I t has been shown t h a t the mechanism of r e -
emiss ion of the i n j e c t e d gas in many cases cannot be exp la ined by d i f f u s i o n 
even i f i nc rea sed b ind ing ene rg i e s of the i n j e c t e d ions a t s i t e s of i r r a d i a -
t i o n damage are cons idered . With a l a rge number of m e t a l s , bombardment wi th 
H+, D+, and He+ a t doses of 1017-1018 c m-2 r e s u l t s i n the format ion of 
bubb le s . These b u r s t on the s u r f a c e and thus emi t t h e i r gas i n t o t he vacuum. 
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Formation of bubbles was observed with hydrogen i o n s on copper and bery l l ium 
(57), with deuterium on copper (58J, and wi th helium on niobium (57] . 

On the o the r hand« in the case of meta l s t h a t have a high s o l u b i l i t y 
f o r hydrogen——e.g. V, Nb, and Ta—-even a f t e r bombardment with doses of 
1019 t o 10 2 0 cm"*2, no t r a c e of bubble format ion i s observed. 

This format ion of bubbles has not r ece ived much study i n the p a s t . 
Above a l l , very l i t t l e i s known about the s i z e of the bubbles and t h e i r 
number p e r u n i t of s u r f a c e a rea as a f u n c t i o n of dose, dose r a t e , tempera-
t u r e , and s t r u c t u r e of t he me ta l . Fu r the r , t he problem has no t y e t been 
solved a s t o whether t he p i t s formed on breaking of the bubbles r e s u l t in 
a f i s s u r i n g of the s u r f a c e which i s g r e a t enough t h a t , unde r^ce r t a in condi-
t i o n s , t he wa l l s t r e n g t h i s impai red . Experiments performed p r e v i o u s l y in 
most cases do not go beyond t o t a l bombardment doses of 10*9 t o 1020 cm~2. 
However, t hese doses a re too smal l f o r the t o t a l l i f e of a r e a c t o r w a l l . 

4 . Unsolved Problems 

This s tudy has shown t h a t , f o r the wall problem in f u s i o n r e a c t o r s , 
some p roces se s must s t i l l be s t u d i e d i n g r e a t e r d a t a i l p rocesses which 
are a lmost sure t o have an important i n f l u e n c e . These a r e , b r i e f l y , 

a) S p u t t e r i n g with D, T, and He i n the range of e n e r g i e s from 10 eV t o 
10 keV. 

b) D i s t r i b u t i o n of e n e r g i e s of t he atoms eroded away on bombarding wi th 
l i g h t i o n s . 

c) Bubble format ion in me ta l s on bombardment with hydrogen .and helium ions 
as a f u n c t i o n of the enerqy, dose, dose r a t e of bombardment, and 
t a r g e t t empera ture . 

d) Eros ion of metal s u r f a c e s wi th impingement of ho t plasma; problems of 
the l i m i t e r and d i v e r t o r . 

e) D i s t r i b u t i o n of e n e r g i e s of b a c k - s c a t t e r e d l i g h t ions in t he energy 
region below 10 keV. 

L i s t of Important Unsolved Problems 

1. S p u t t e r i n g y i e l d s with D, T, and He in t h e energy range below 10 keV. 

2. Energy d i s t r i b u t i o n of s p u t t e r e d metal i ons on bombardment wi th l i g h t j o n s . 

3 . Formation of bubbles in me ta l s on bombardment with hydrogen and helium 
ions ; t h r e sho ld energy f o r bubble fo rmat ion . 

4 . Erosion of meta l s u r f a c e s by impingement of hot plasma. 

I wish to thank Dr. R. Berhrisch and Dr. H. Vemickel for valuable discussions 
in the compilation of this report. 



- 2 0 -

' * 

« * « L I T E R A T U R E 

/1 / G. К. Wehner Adv, in Elect , and Elctr . Phys . 

7 , 239 (1955) 

/ 2 / R. Behris ah "Sputtering of Solids by Ion Bombardment", 
* • . * 

Erg. d. exakt. Nat. Wiss . 35, 295 (1964) 

/ 3 / M.Kaminsky "Atomic and Ionic Impact Phenomena on 

Metal Surfaces", Acad. P r e s s (1965) 

/4 / R. S. Nelson "The Observation of Atomic Coll ision in Crystal 

l ine Solids", North Holland Publ. Comp. , 

Amsterdam (1968) 

/ 5 / G.Carter 
J. S. Colligon 

"Ion Bombardment of Solids", American 

E l sev i er Publ. Comp. (1968) 

/ 6 / N. W. Plesh ivtsev "Cathode Sputtering", Atomisdat , Moscow 

(1968) (in Russian) 

/7 / P. Sigmund Phys. Rev. 184, 383 (1969) 

/ 8 / A . J . Summers 

N . J . Freeman 

-Nê R. Daly 

a) Proc . Nucl. Fusions Reactors Conf. , 

Culham 1969, p. 347 

b) to be published in J. Appl. Phys. 

/ 9 / O .C. Yonts Proc. Nucl. Fusion Reactors Conf. , 

Culham 1969, p. 424 

/ 1 0 / C . E . K e n Knight 

G. K. Wehner 

J. Appl. Phys. 35, 322 (1964) 



/ И / J. M. Daniel 
С. R. Finfgeld 

/ 1 2 / R. Bchrisch 

/ 1 3 / M. Karninsky 

/ 1 4 / D. Л. Elliot 

P. D. Townsend 

/ 1 5 / R. Behrisch 

W. Heiland 

/ 1 6 / J . R o s e n b e r g 

G. К. Wehner 

/ 1 7 / О. Almén 

G. Bruce 

/ 1 8 / A. Cobas 

W. E. Lamb 

/ 1 9 / H. D. Hagstrum 

/ 2 0 / R. I. Garber 
G. P. Dolya 
V. M. Kolyada 
A . A . Modlin 
A. I. Pedorenko 

/ 2 1 / R.I . Garber 
V. S. Kara se v 
V. M. Kolyada 
A. I. Fedorenko 

- 2 1 -

Roanoke College, Salem, Virginia, * 

Report ORO-3557-11 

Int. Working Seasion on Fusion Reactor 

Technology, Oak Ridge, 2 8 . 6 . - 2 . 7 . 1 9 7 1 

• 

IEEE Transact ions on Nuclear Science, 

NS 18, No. 4 (1971) 

Phil. Mag. 23, 182 (1971) 

6th Symp. on Fusion T e c h n . , Aachen 1970 

J .Appl . Phys . 33, 1842 (1962) 

Nucl . Instr. Meth. 11, 279 (1961) 

Phys. Rev. 65, 327 (1944) 

Phys. Rev. 96, 336 (1954) 

JETP - Le t ters 7, 296 (1968) 

Sov. At. Energy 28, 510 (1970) 



- 2 2 -

/ 2 2 / R. I, Garber 
V. S. Kara s e v 
V. M. Kolyada 
АЛ. Fedorenko 

Sov. Phys . ,FET P 30. 590 (1970) 

/ 2 3 / D. W. N o r c r o s s 
B. P. Fairand 
J . N , Anno 

J, Appl. Phys. 37. 621 (1966) 

/ 2 4 / К. Kel ler P lasma Physics 10. 195 (1967) 
— * * 

/ 2 5 / M. ï. Guseva Radio Engineering and Electronic Phys, 

7 . 1563 (1962) _ 

/ 2 6 / К. Furr 

С. R. Finfgeld 

J. Appl. Phys. 41, 1739 (1970) 

/ 2 7 / C . E . Ken Knight 

G. K. Wehner • 

J. Appl. Phys. 35, 322 (1964) 

/ 2 8 / F . Gr/Snlund 

W. J. Moore 

J. Chem. Phys. 32, 1540 (1960) 

/ 2 9 / M. L .Tarng 

G. K. Wehner 

J. Appl. Phys. 42, 2449 (1971) 

/ 3 0 / G. K. Wehner 

D. Rosenberg 

J. Appl. Phys. 31, 177 (1960) 

/31 / T. P. Martinenko Sov. Phys . -Tech . Phys. 13, 568 (1968) 

/ 3 2 / H . P . S m i t h jr . 
D. W. DeMichele 
J. M. Khan 

J. Appl. Phys. 36, 1952 (1965) 

/ 3 3 / R . K . P a r k e r Thes i s , School of Engineering, Wright 

Pat terson A i r F o r c e Base, Ohio (19G6) 



- 2 3 -

/ 3 4 / E . В. H e n s c h k e J. Appl. Phys. 33, 1773 (1962) 

/ 3 5 / N. D. Morgulis 

V .D . Tischenko 

Bull. Acad. Sei . USSR 

Phys. Sov. 20, 1082 (1957) 

/ 3 6 / W.Eckstein 
H. Verbeek 
B. M. U. Scherzer 

Rad. Effects , to be published 

/ 3 7 / C .A.Andersen J. Mass Spectrometry and Ion Phys. 2, 

61 (1969) 

/ 3 8 / C .A.Andersen 

I. 

Int. J. Mass . Spectrom. Ion Phys. 

413 (1970) 

/ 3 9 / A.Benninghoven Phys. Let ters 32A, 427 (1970) 

/ 4 0 / R.V.Stuart 

G. K. Wehner 

J. Appl. Phys . 35, 1819 (1964) 

/41 / R. V. Stuart 
G. K. Wehner 
G. SA nderson 

J. Appl. Phys. 40, 803 (1969) 

/42 / M. W. Thompson Phil . Mag. 18, 377 (1968) 

/ 4 3 / H. Oechsner Z. Phys. 238, 433 (1970) 

/ 4 4 / J . E . D r a l e y 
B. R . T . F r o s t 
D. M. Gruen 
M. Kaminsky 
V. A. Maroni 

Intersociety Energy Conversion Engineering 

Conference Proceedings , 1065 (1971) 

/ 4 5 / R. Behrisch 

R. Weißmann 
Phys. Letters 30A. 506 (1969) 



/ 4 6 / H .S .Ne l son 

B.J .Sheldon 

- 2 4 -

AERE-Report R 4692 (1904) 

/ 4 7 / E. Veleckis 

R.K.Edwards 

J. Phys. Chem, 73, 683 (1969) 

/ 4 8 / H. Schlatt Mat. Fys . Medd.Dan. Vid.Selsk. 35, No. 9 (1966) 

/ 4 9 / J . W . M a y e r 
L. Eriksson 
J. A. Da vi es 

Ion Implantation in Semiconductors 

Academic P r e s s , New York (1970) 

/ 5 0 / Y. Y. Chu 

L. Fried mann 

Nucl. Instr. and Methods 38, 254 (1965) 

/ 5 1 / В .Scherzer unpublished 

/ 5 2 / G.M.McCracken 

D . K . J e f f r i e s 

5th Symp. on Fusion Technology, paper 49, 
Oxford (1968) 

/ 5 3 / G. M. McCracken B . N . E . S . Nuclear Fusion Reactor Conference, 

Culham Lab. , 353 (1969) 

/ 5 4 / K. Erents 

G. M. McCracken 

/ 5 5 / E . S . Borovik 
N. P. Katrich 
G. T. Ni kola ev 

Brit. J. Appl. Phys. 2,2, 1397 (1969) 

я . 

Sov. Atomic Energy 21, 1019 (1966) 

/ 5 6 / E. V. Kornelsen Can. J. Phys. 48, 2812 (1970) 

/ 5 7 / R. Behrisch 
B. M. II. Scherzer 

unpublished 

/ 5 8 / M. Kaminsky Adv. Mass Spectr. 3, 69 (1964) 



-25-

/ $ 8 а / W. Primak J. Appl. Phys. 35. 1342 (1904) 

/59 

/60 

/61 

/62 

/63 

/64 

/ 6 5 

/ 6 6 

R. Barnes 

D. Mazey 

G. Alefeld 

G. Haas 

Proc. Roy. Soc. 275, 47 (1963) 

H. K. Forsen 

J. C.Sprott 

H. Lutz 

G. Haas 

M. W. Thompson 

Phys. Stat. Sol. 32, 67 (1969) 

Proc. Vl.Symp. Fusion Reactor Techn 
* A'1* 

pp. 471, Aachen (1970) 

ORNL-TN-3539, Sept. (1971) 

R. E. Honig 

Laborbericht KFA, to be published 

Laborbericht IPP, to be published 

Proc. V. Int. Conf. Ion. Phen. Gases 

München 1961 

RCA Review 18, 195 (1957) 


