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Abstract 

To s top m u l t i - s e c o n d h igh -energy hydrogen or 
deuter ium beams in n e u t r a l i n j e c t i o n systems, 
t h i n - s k i n a c t i v e l y coo led dumps made o f Cu, Mo, or W 
are con temp la ted . For the Neut ra l Beam Engineer ing 
Test F a c i l i t y (NBETF), the design goal f o r the l i f e 
o f the beam dumps is 25.000 t h i r t y - s e c o n d pu l ses , 
w i t h a f l u e n c e of 10^-" d e u t e r o n s / c m 2 . From a 
rev iew o f the 1 i t e r a t u r e on sput ter ing and 
b l i s t e r i n g , we es t ima te t h a t an e ros ion al lowance of 
0.13 cm f o r Cu, 0.02 cm f o r Mo, and 0.004 cm f o r W 
has to be i n c c ora ted in the beam-dump des ign . 

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

The development o f h igh -ene rgy hydrogen and 
deuter ium beams f o r n e u t r a l i n j e c t i o n systems has to 
deal not on l y w i t h the problem o f genera t i ng and 
d i r e c t i n g such beams but a lso w i t h the problem of how 
to s top them. For example, the Neut ra l Beam 
Eng ineer ing Test F a c i 1 i t y {N" t'TF) a t the Lawrence 
Berke ley Labo ra to ry has bee -i designed f o r the 
development o f deuter ium neu i ra l -beam sources w i t h 
energ ies up to 170 keV, c u r r e i t s -<f 65 A. and pulse 
leng ths uf 30 sec w i t h a 10% duty c y c l e . 1 The long 
pulses d i c t a t e d the choice o f a c t i v e l y cuoled heat 
abso rp t i on panels - t h i n metal sur faces backed by 
h i g h - v e l o c i t y water - f o r the beam dumps.? 
A n t i c i p a t e d peak power d e n s i t i e s normal to the beam 
are as h igh as 30 kW/cm?. The dumps, which wi11 be 
i n c l i n e d to reduce power d e n s i t i e s on the sur faces tc 
the design value o f 2 kW/cm^ w i 11 be exposed to 
f l u xes o f 0.7 x 10 7 deuterons/cm^-sec f o r 170 
keV beams or 1.4 x 10 ̂  deu te rons /cn^ -sec f o r 80 
keV beams ( f l uences o f 2 t o 4 A 1 0 1 8 

d e u t e r o n s / c m ^ / p u l s e ) . The NBETF des ign goal f o r 
par.al 1 i f e i s 25,000 beam p u l s e s . With an expected 
cumu la t i ve f l uence o f 1 0 ^ cm"? du r i ng the l i f e 
o f a p a n e l , e ros ion o f the t h i n su r face by deuteron 
bombardment has to be cons idered in the design o f the 
heat abso rp t i on pane l s , a long w i t h the usual 
^ e a t - t r a n s f e r , t h e r m a l - s t r e s s and wa te r - channe l -
e r o ; i o n cons i d e r a t ions. Our goal was to spec i f y an 
e ros ion al lowance - the a d d i t i o n a l th ickness o f 
m a t e r i a l r e q u i r e d on the su r face f a c i n g the beam to 
compensate f o r the e ros i cn expected a f t e r a f l uence 
o f 10^3 deu'erons/cm? - f o r the pane ls . 

The c a n d I l a t e m a t e r i a l s f o r the heat absorp t ion 
panels are C L , Mo, and w because of t h e i r h igh 
thermal c o n d u c t i v i t y . We were unable to f i n d , i n the 
l i t e r a t u r e , s p u t t e r i n g data d i r e c t l y a p p l i c a b l e to 
the design c o n d i t i o n s o f thes<. dumps. In t h i s pape^ 
we cons ider i n f o rma t i on in the 1 i t e r a t u r e on the 
f l uence and a n g l e - o f - i n c i d e n c e dependence o f 
s p u t t e r i n g and vhe e x r o l i a t i o n o f b l i s t e r s . From 
t h i s we es t ima te or\ eros ion al lowance f o r the NBETF 
beam dumps. 

Th is work was supDorted by the D i r e c t o r , O f f i c e r , f 
Energy Research, O f f i c e o f Fusion Energy, Development 
and Technology D i v i s i o n , o f the U S . Department o f 
Energy under Cont rac t No- W-7405-EN3-48. 

II. Sputtering at Normal Incidence 

articles3-8 Recent review articles-3"0 on sputtering by 
1 ight io'is summarize the current status in detail, 
rfost muttering measurements have been made for 

ncidence. For Mo and W experimental results 
lrible only to 10 keV; 3 for Cu results 

reported to several MeV.^ A 
ical model can be used to extrapolate to 
nergies:8 the energy dependence tends 

at high energies. The fluences used for 
Tieasurements for hydrogen and deuterium 
• quite high - typically 1 0 2 0 - 10^' 

Ciii "£' - because of the small sputtering 
coefficients. Sputtering coefficients for Cu, Mo, 
and W bombarded by H + or D + are shown in Fig. 
1,9-14 
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F i g . 1: Sput te r y i e l d s (a tonr,/ i n c i d e n t i on ) f o r 
normal - inc idence H 1 and D + bombardment o f Cu, Mo, 
and W. The s o l i d l i nes represen t exper imenta l data 
from the l i t e r a t u r e : H* on Cu (Ref s . 9 , 10 ) ; D + 

on Lu (Refs . 11 , 1J ) ; H + , D + on Mo {Ref. 13) ; 
H + . D + on w (Rets . 4 , 14). The dashed l i n n s are 
e x t r a p o T a t i o n s . 

S p u t t e r i n g ra tes fire i n f l uenced by su r face 
roughness of the Largp t . In g e n e r a l , spuV 5 r i ng 
r a t es f o r po l i shed sur faces increase w i t h f l u e n o (by 
as much as a f a c t o r of 4) as the su r face is roughened 



by sputter ing, 7 but appear to .ceach a steady-state 
value for fluences above 10'" cm"*. For W a 
decrease in sputtering with increased fluence has 
been observed/ The sputtering coefficients shown 
in Fig. 1 are the results of high-fluence 
measurements which should be representative of 
steady-state (rough-surface) conditions applicable to 
fluences as high as the 1 0 " cm"? of interest for 
the beam dumps. 

I H . Angular Dependence of Sputtering 

For sputtering by heavy ions, the sputtering 
yield increases with a cos"' dependence, where 
is the angle with respect to normal incidence.'^ 
For near-grazing incidence ( 6 .85°) the sputtering 
yield fa l ls below the cos - ' value. Similar 
behavior is observed for sputtering by hydrogen and 
deuterium from low and intermediate 1 t a r g e t s . 3 ' 6 

For Mo'6 (Fig. 2} and w' 7 the sputtering yield 
can be 3 to 4 times greater than the cos"' 
relat ion would pred ic t . 3 This is attr ibuted to 
contributions from interactions of not only incoming 
ions but also reflected ions that suffer a hard 
col l is ion near the surface- 3 Results for the 
angular dependence of sputtering are 1 imited to 
energies below 8 keV. Since the ref lect ion 
coeff icient decreases at high energies,^ we would 
expect the deviation from the cos*' dependence to 
decrease at high energies. 

M o - T A R G E T 

2k<?V 4keV 8 keV 

H* . 0 

D* ' a 

Fig. 2: The variation of sputtering yield with angle 
of incidence for H"\ D + on Mo (Ref. 16). The 
dashed line indicates a cos"' dependence. 

IV. Blistering and Exfoliation 

The 
hydrogen, 
blisters, 
rupture, 

bombardment of surfaces by energetic 
deuterium, and helium beams creates 
which at sufficiently high fluences 

exfoliate, and contribute to surface 

erosion. The relevant parameters for blistering are 
discussed in the review article by Das and 
Kaminsky:'* The formation, size, and exfoliation 
of blisters depends on the projectile ion and its 
energy, the permeability of the implanted gas in the 
target, the target temperature, and the yield 
strength of the target material. Blistering by H + 

or D bombardment is not .as severe as for He +, 
and most of the blistering studies have been with He 
beams. Blisters range in size from 10 to 1 mm and 
have a skin thickness of the order of 10" 3 mm. 
Blisters form at fluences of 1 0 1 7 - lO^ 9 

cm"?. As blisters rupture and exfoliate with 
increased fluence, new blisters of smaller diameters 
appear; this process may continue for 3-6 
genera4.ions, until the surface becomes porous and 
blister formation ceases (usually at a fluence about 
ten times greater than that for the onset of 
blistering).'° Thus, erosion by blistering is a 
self-1imiting effect. 

Blistering of C u 1 9 » ? 1 and M o 1 9 > 2 2 > 2 3 has been 
observed for H + and 0 + bombardment and is not 
considered to be a major contributor to surface 
erosion.4>'» , 9 

V. Eros ion Estimates 

The NBETF will have the capability of producing 
deuterium beams with energies up to 170 keV, but for 
estimating an erosion allowance operation at lower 
energies is more significant because: 1) The 
sputtering yield decreases with increasing energy 
(Fig. 1). 2) For optimum system efficiency, the 
panels will be oriented so that the power flux is 2 
kW/cm^; this results in higher fluences at lower 
energies. Fnr our estimates of the erosion allowance 
we have chjsen 80 keV deuterium beams incident on the 
beam-dump panels inclined 85° to reduce the power 
density to 2 kW/cm2. For these conditions 
(near-grazing incidence) the flux is 1.4 x 10 ̂ 7 

deutercns/orK-sec, and the fluence integrated over 
the design life of the panel (?5,000 pulses of 30-sec 
duratici) is 10" 3 cm - 2. 

The sputtering results reported in the literature 
and shown in rig. 1 were obtained at fluences of 
1 0 z o to U 2 1 cm" 2 (Sect. II). These fluences 
are about two orders of magnitude higher than those 
r"quired for bl ister formation, hen'-e wel 1 above the 
f1 nonce required for the cessation of exfolation 
(Sect. IV). The sputtering results of Fig. 1, which 
were determined from the weight loss of the target, 
should therefore include exfoliation losses. The 
variation with angle has been assumeJ to be cos"^ ; 
as discussed i.i Sect. Ill, this is a poor assumption 
for the low-energy results that have been reported, 
out should improve at h1gher energies as reflection 
becomes less significant. 

The erosion estimates are presented in Table 1. 
For Cu we estimate a loss of about 0.13 cm after a 
fluencfc of 1 0 2 3 cm" 2. This is a significant loss 
and must be considered in the design; the extra 
tiucknes; increases the temperature drop frum the 
surface to the water interface and thus increases the 
thermal stresses and decreases the fatigue 1 ife o f 

the panels. 

For a given set of conditions, the lack of 
knowledge of the angular dependence of the sputtering 
coefficient is the main contributor to the uncer
tainty in the erosion estimate. However, for a 
development facility such as N3ETF there are also 
large uncertainties in the anticipated energies and 
fHiences. At 170 keV bom Lhb fluence and the 
sputtering yield w*11 be smaller, and the erosion 



es t imates w i l l be reduced by o n e - t h i r d to o n e - f o u r t h 
o f the va lues i n Table I . I f the assumed beam o p t i c s 
are not ach ieved , tne power d e n s i t i e s w i l l be 
reduced , and the panels w i l l not be i n c l i n e d as 
s t e e p l y to achieve 2 kH/cm 2 - • t h i s w i l l r e s u l t in 
a reduced s p u t t e r i n g c o e f f i c i e n t . On the o the r hand, 
n e u t r a l beams are u s u a l l y an admix ture o f hydrogen or 
deuter ium atoms o f d i f f e r e n t e n e t g i e s : The molecu lar 
ions Dj and D^ produce D° at one -ha l f and 
o n e - t h i r d the energy o f D° produced from D4" (a t two 
and th ree t imes the f l u x ) . These low-energy 
components a lso have l a r g e r s p u t t e r i n g c o e f f i c i e n t s 
than the f u l l - e n e r g y component, s ince the s p u t t e r i n g 
c o e f f i c i e n t va r ies rough l y i n v e r s e l y w i t h the beam 
° i e r q y . Thic combinat ion o f increased f l u x and 
increased s p u t t e r i n g y i e l d f o r the low energy 
f ragments increases the e ros ion o f the panels 
s i g n i f i c a n t l y . For example, a D + /D*/D5 mix o f 
85%/10%/5% cou""d r e s u l t i n an e ros ion r a t e 1.5 times 
g rea te r than a pure D + beam. 

In s o l i c i t i n g development c o n t r a c t s f o r beam 
dumps we have speci f ied e ros ion al lowances of C.07, 
0 . 0 1 , and 0.01 cm ' t h e e ros ion al lowance f o r i 70 kV 
o p e r a t i o n ) f o r Cu, Mo, or W pane ls . We plan to 
implement an e ros ion m o n i t o r i n g program fo r the 
panels used on NBETF, p o s s i b l y exchanging panels frorr 
h i g h - f l u e n c e l o c a t i o n s w i t h those in l ow- f l uence 
l o c a t i o n s i f su r face e ros ion becomes s i g n i f i c a n t . 
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Table I . 

"VC ident or i [team-dump pane ls . The angle of inc idence i s 
h 

.11. Di 
f l u x is 
u lses of 

1.5 x 1 0 1 7 

: .in-set dura 
deuterons/cm^-sec and the f l uence 

t i o n ) is 1 0 2 3 cm-2. 

Atomic Number 
Density (gm/cm^) 
Atom Density (atoms/cm^) 
Sputtering Coefficient (atoms/ion) at 80 keV norma 

at 85° to norma 
Erosion Rate (atoms/cm^-sec) 
Design-1.ife Erosion Allowance (cm) 

6 3.5 
8.95 

x 1 0 ^ 
x ID"? 
x 10-' 

95.9 
9.01 

x 10?? 
x 10-3 

x , 0 - * 
x l o ' 5 

0.02 

183.8 
19.3 

6.3 x 10 2? 
2 x 10-1 

2.2 x in" 3 

3 x 1 0 l 4 

0.004 

3 




