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Abst rac t  

This  r e p o r t  provides  a handbook of d a t a  concerning p a r t i c l e  
s o l i d  i n t e r a c t i o n s  t h a t  are r e l e v a n t  t o  plasma-wall i n t e r a c t i o n s  
i n  f u s i o n  devices .  Publ ished d a t a  have been c o l l e c t e d ,  a s ses sed ,  
and r ep resen ted  by a s i n g l e  f u n c t i o n a l  r e l a t i o n s h i p  which is  pre- 
s e n t e d  i n  both  t a b u l a r  and g r a p h i c a l  form. Mechanisms reviewed 
h e r e  inc lude  s p u t t e r i n g ,  secondary e l e c t r o n  emission,  p a r t i c l e  
r e f l e c t i o n ,  and t rapping.  

.... 





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

.- ..... 

This volume provides  a compendium of d a t a  concerning processes  which 
occur a t  t h e  f i r s t  w a l l  of f u s i o n  plasma dev ices .  Included are s p u t t e r i n g ,  
e j e c t i o n  of e l e c t r o n s  by impact of e l e c t r o n s  and heavy p a r t i c l e s ,  heavy 
p a r t i c l e  r e f l e c t i o n ,  as well as hydrogen t r app ing  and re-emission. Plasma 
wal l  i n t e r a c t i o n s  are of s u b s t a n t i a l  importance t o  dev ice  ope ra t ion .  Most 
i m p u r i t i e s  have t h e i r  o r i g i n  a t  t h e  w a l l  and most of t h e  f u e l  r e c y c l e s  from 
t h e  w a l l  dur ing  a d i scha rge ;  p o t e n t i a l s  i n  t h e  plasma edge are much in f luenced  
by e l e c t r o n s  e j e c t e d  from t h e  w a l l .  

In assembling d a t a  f o r  i n c l u s i o n  1 have r e s t r i c t e d  myself l a r g e l y  t o  
p r o j e c t i l e - t a r g e t  combinations of d i r e c t  importance t o  t h e  f u s i o n  program. 
Thus p r o j e c t i l e s  are g e n e r a l l y  hydrogen, helium, common i m p u r i t i e s ,  i ons  of 
t h e s e  s p e c i e s ,  as w e l l  as e l e c t r o n s .  Ta rge t s  are materials commonly employed 
f o r  walls, l i m i t e r s  and c o a t i n g s .  Genera l ly  I i n c l u d e  only  d a t a  f o r  
p o l y c r y s t a l l i n e  t a r g e t s  of p o s s i b l e  t e c h n i c a l  a b i l i t y .  Thus I do not  i nc lude  
h e r e  t h e  voluminous d a t a  f o r  s i n g l e  c rys ta l  s u r f a c e s  and f o r  r a r e  gas 
p r o j e c t i l e s  t h a t  are of such importance f o r  fundamental r e sea rch .  

t h a t  t h e  s u r f a c e  used f o r  t h e  measured d a t a  presented  h e r e  i s  g e n e r a l l y  no t  
t h e  s a m e  as  one would f i n d  i n  a p r a c t i c a l  f u s i o n  device .  A dev ice  w a l l  w i l l  
i n i t i a l l y  c a r r y  a macroscopic l a y e r  of d i r t  and oxides  wi th  a topography 
r e l a t e d  t o  t h e  metal working p rocesses  employed i n  i t s  f a b r i c a t i o n .  With 
c l ean ing  (e.g. ,  by glow d i s c h a r g e s )  and r e p e t i t i v e  u s e ,  t h e s e  s u r f a c e s  change. 
On t h e  one hand t h e  s u r f a c e  may become c l eane r  and f l a t t e r  due t o  e ros ion .  On 
t h e  o t h e r  hand c e r t a i n  s u r f a c e s  may become coated wi th  f o r e i g n  materials due 
t o  r e -depos i t i on  from eroded s u r f a c e s  o r  from s u b s i d i a r y  sou rces  such  as 
g e t t e r  pumps. Thus i n  g e n e r a l  t h e  n a t u r e  of t h e  s u r f a c e  of t h e  w a l l ,  l imi te r  
o r  o the r  component i s  unknown. By c o n t r a s t  t h e  d a t a  p re sen ted  h e r e  i s  ( u n l e s s  
o the rwise  i n d i c a t e d )  f o r  a t o m i c a l l y  c l e a n ,  homogeneous, pure m a t e r i a l s .  In  
us ing  t h e s e  d a t a  f o r  modelling purposes t h e  r eade r  will i n e v i t a b l y  f i r s t  
choose a d a t a  se t  a p p r o p r i a t e  t o  t h e  material of nominal c o n s t r u c t i o n .  We 
would urge  t h e  r e a d e r  a l s o  t o  t r y  us ing  d a t a  t h a t  may be a p p r o p r i a t e  t o  a 
contaminated s u r f a c e  and then  determine whether t h e  p r e d i c t e d  device  behavior 
w i l l  be s i g n i f i c a n t l y  a l t e r e d .  For example, w i th  a s t e e l  walled device  
o p e r a t i n g  w i t h  t i t a n i u m  g e t t e r  pumps one should  c e r t a i n l y  compare p r e d i c t i o n s  
us ing  d a t a  f o r  a t i t an ium s u r f a c e  wi th  p r e d i c t i o n s  f o r  a steel s u r f a c e .  If 
d i f f e r e n c e s  are found t o  be c r i t i c a l  then  c l e a r l y  t h e  composition of t h e  
dev ice  w a l l  should be monitored i n  s i t u  arid d a t a  a p p r o p r i a t e  t o  a c t u a l  wal l  
composition should  be ob ta ined  by l a b o r a t o r y  experiments.  It i s  t o  be 
expected that processes  involv ing  e l e c t r o n  e j e c t i o n  ( i . e . ,  secondary e l e c t r o n  
e j e c t i o n  c o e f f i c i e n t s )  and e l e c t r o n  t r a n s f e r  ( e x c i t e d  and ion ized  s t a t e s  of 
r e f l e c t e d  and s p u t t e r e d  s p e c i e s )  w i l l  be very s e n s i t i v e  t o  s u r f a c e  
contamination. Processes  governed by k inemat ic  e f f e c t s  ( t o t a l  s p u t t e r i n g  and 
t o t a l  p r o j e c t i l e  r e f l e c t i o n )  a r e  l i k e l y  t o  be f a i r l y  independent of minor 
s u r f a c e  contamination. 

I n  choosing d a t a  f o r  i n c l u s i o n  h e r e  w e  have concent ra ted  on t h e  
exper imenta l  work of r e s e a r c h  groups t h a t  have an  extended r eco rd  of s tudy ing  
3 s p e c i f i c  class of processes  and where one might r easonab ly  expect t h a t  
s y s t e m a t i c  e r r o r s  have been e lmina ted .  I n  g e n e r a l ,  we have avoided 
t h e o r e t i c a l  p r e d i c t i o n s .  We have omi t ted  d a t a  t h a t  appears t o  be i n a c c u r a t e ,  
i n c o n s i s t e n t  w i th  t h e  work of o t h e r  w e l l  e s t a b l i s h e d  groups o r  where d a t a  w a s  
e x t r a c t e d  by use of assumptions t h a t  were not  s e p a r a t e l y  t e s t e d .  Many 
s e c t i o n s  of t h i s  volume have an  i n t r o d u c t i o n  which inc ludes  a n o t e  g iv ing  

A p o t e n t i a l  d i f f i c u l t y  i n  t h e  use  of t h e s e  d a t a  f o r  modelling purposes i s  
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r e f e r e n c e s  t o  o t h e r  major d a t a  compendia. Frequent ly  those  o t h e r  compendia 
i n c l u d e  a l l  a v a i l a b l e  d a t a  even when t h e r e  are s e r i o u s  i n c o n s i s t e n c i e s ;  t h o s e  
compendia a l s o  sometimes i n c l u d e  semi-empirical t h e o r e t i c a l  formula t ions  t h a t  
d e s c r i b e  much o f  t h e  d a t a  by s imple a l g e b r a i c  formula t ions .  

The compendium has many s e r i o u s  gaps.  Data on processes  induced by 
impuri ty  i o n  impact a r e  g e n e r a l l y  s p a r s e .  Secondary e l e c t r o n  emission h a s  
rece ived  l i t t l e  r e c e n t  a t t e n t i o n  and t h e  d a t a  presented were o f t e n  acquired 
wi th  a n t i q u a t e d  and i n f e r i o r  technology. S y n e r g i s t i c  e f f e c t s  occuring when 
two or  more s p e c i e s  a r e  s imultaneously (or  s e q u e n t i a l l y )  i n c i d e n t  on a s u r f a c e  
have not  y e t  been s y s t e m a t i c a l l y  s t u d i e d .  It i s  t o  be hoped t h a t  t h e  p r e s e n t  
compendium will prompt f u r t h e r  work on areas t h a t  are now inadequate ly  covered. 

E. W. Thomas 
A t l a n t a ,  GA 
1 October 1984 
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In t roduc to ry  Notes 
_I.-.-.- __ 

A I Caut i m a r v  Notes 

Eight  i o n  s p u t t e r i n g  has been the sub jec t  of many accura t e  exper imenta l  
s t u d i e s .  Algebra ic  r e p r e s e n t a t i o n  of data are a v a i l a b l e  t o  permit 
e x t r a p o l a t i o n  a d  i n t e r p o l a t i o n  of data. To main ta in  a consistent p i c t u r e  we 
have chosen t o  p re sen t  da t a  drawn p r i m a r i l y  from t h e  group of R o t h ,  Bohdansky 
aod 06 tenberger a t  MPI Garching c) 

Spu t t e r ing  y i e l d s  of a l l o y s  may be roughly e s t ima ted  as  a sum of t h e  
y i e l d s  f o r  t he  components each weighted by t h e  proportion of the component 
p re sen t .  However i t  must be recogn.ized t h a t  s p u t t e r i n g  will remove components 
a t  d i f f e r e n t  rates so  that  surface composition i s  d i f f e r e n t  f rom t h a t  i n  b u l k .  

S p u t t e r i n g  is  basical..ly a k inemat ic  e f f e c t  involv ing  energy t r a n s f e r  f r o m  
pro , j ec t i l e  t o  t a r g e t .  Such processes  are known as physical spvt t e r i n g .  For 
c -e r t a in  cond i t ions  the p r o j e c t i l e s  may Earn u s l a t . i l e  compounds wi th  t a r g e t  
atoms r e s u l t i n g  i n  a chemical erosion process .  T h i s  i s  known as theinical  
sputtering and can have s p u t t e r i n g  y i e l d s  some o r d e r s  o f  magnj tude higher  $lian 
physigal s p u t t e r i n g .  
and D on C where CH 
targets a t  el.evated temperatures (300 t o  500°C). 

The b e s t  known case of cheniic-.aJ. sputtt?z..ing i s  f o r  13 
( o r  CD ) i s  formed g iv ing  v e r y  h igh  e r a s i o n  ra tes  f o r  

4 4 

B. D e f i n i t i o n s  
I --.._-.-_I__ 

S p u t t e r i n g  Yie ld  i s  def ined  as t h e  x a t i o  between the  number of target  
atonis e j e c t e d  t o  t h e  iiimher of p r o j e c t i l e  i o n s  i n c i d e n t ,  Most of t h e  d a t a  
presented  here  were determlned by weight l o s s  from t h e  bombarded target .  

C .  Algebra ic  Represen ta t ion  

1. Total Yield 

The t o t a l  y i e l d  S of s p u t t e r e d  atoms due t o  l i g h t  i o n  impac t  can be 
f r e q u e n t l y  r ep resen ted  by Lhc fo l lowing  equation. 

S = 6 . 4  x pf2 [---- 4 M1M2 i ]5 '3  E ~ ~ / ~  (1 _I f,)7'2 

(MI f?l2 1 
Where MI - projectile mass (a.m.u.) 

M2 = t a r g e t  mass (a.m.u.) 

E E 6  = .......... 

E t l l  
E = P r o j e c t i l e  energy 

Eth  = Threshold energy f o r  s p u t t e r i n g  
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The threshold energy Eth is obtained by fitting to experimental data. 
Typical values are as follows. 

Threshold energy E in eV th 

4 He 3 
H D He 

A1 
Au 
Be 
C 
Fe 
Mo 
Ni 
Si 
Ta 
Ti 
V 
W 
Zr 

53 
184 
27.5 

9 . 9  
6 4  

164 
47 

24.5 
460 
43.5 
7 6  
400 

3 4  
94 
2 4  
11 
40 
86 
32.5 
17.5 
235 

175 

20.5 
60  44 

33  
16  
35 

45 39 
20  
1 4  
100 
22 
27 
1 0 0  
6 0  

For cases where there are no experimental data equation 1 can be used t o  
provide a reliable 
predicted from the 

- 

Y =  

EB = 

prediction. In this case threshold energy E must be 
equation th 

EB 
Y(1-Y) 

(M1+1f2 1 

surface binding energy (can be obtained from sublimation 
energies as in JANAF - Thermo-Chemical Tables, Ed. D. R .  
S t u l l ,  H. Prophet, NSRDS-NBS 3 7 ) .  

4 MlM2 

tho This equation is valid only for M /M < 0.4 and generally overestimates E 
1 2  

2 .  Dependence on Incidence Angle 

0 The s p u t t e r i n g  y i e l d  S ( 0 )  f o r  p r o j e c t i l e s  i n c i d e n t  a t  an a n g l e  of 0 t o  t h e  
normal i s  r e l a t e d  t o  t h a t  f o r  i n c i d e m e  a t  0' to t h e  normal., S ,  by t h e  relation 

S ( 9 )  = s cos-f e . 
where 1 < f < 2.  This relationship is valid only to an angle 9 of about 60'. 
The value to-be assigned to f is not clear but unity has been satisfactory in 
the few cases where experiments have been performed. 



A-4 

3. Impact of Molecules 

S tud ie s  have been made of t h e  s p u t t e r i n g  y i e l d  S €o r  impact of d i f f e r e n t  + 
molecular  i o n s  H (m = 1,  2 ,  3 )  a t  va r ious  ene rg ie s  p! . 
m p l o t t e d  agains? E 

m 
nucleon acts  as a s e p a r a t e  p a r t i c l e .  [See E. Wintz e t  a l . ,  J. Nucl. Mater. 
93 & 94,  656 (198Q)J .  

It i s  found t h a t  S f 
m m + m i s  t h e  same f o r  a l l  s p e c i e s .  Thus each  c o n s t i t u e n t  

-- 
-- 
D. P r i n c i p a l  Compendia 

Two major d a t a  compendia are a v a i l a b l e .  
1 ) .  J. Roth, J. Bohdansky, W. Ottenberger .  "Data o n  Low Energy Light  

Ion Spu t t e r ing  ) ' '  Report No. I P P  9/26 (May 1979) ,  Max-Planck-Insti t u t  
f u r  Plasmaphysik, Garching. 
N. Matsunami L- e t  a l . ,  "Energy Dependence of Spu t t e r ing  Yie lds  a t  
Monatomic S o l i d s " ,  Report No. IPPJ-AM-14 (June 198Q), I n s t i t u t e  o f  
Plasma Phys ic s ,  Nagoya Un ive r s i ty .  

2) .  
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S p u t t e r i n g  o f  C by H -f , D+ and 4 +  H e  

(normal  i nc idence ,  room tempera ture)  

Energy Spu t t e r ing  C o e f f i c i e n t  S (a toms/ ion)  

(keV) H -I D+ 4He+ 

2 OE-02 6 .00E-04 8.50E-04 3 e 30E-04 
3.OE-02 1 .80~-03  3.1 OE-03 2.2 OE-03 
4.OE-02 3.00E-03 5.7OE-03 7.20E-03 
6.OE-02 4.90E-03 9 .7  OE-03 1.8OE-02 
1 . OE-0 1 7.4OE-03 1.60E-02 3.60E-02 
2.OE-01 9.00E-03 2.30E-02 6.4 OE -0 2 
3.OE-01 9 .00E-03 2.55E-02 7.80E-02 
4.OE-01 8.603-03 2.6OE-02 8 .303-02  
6.OE-01 7.80E-03 2.30E-02 8.90E-02 
1.OE-I-00 6 .4  OE-0 3 1.80E-02 8.8 OE-0 2 
2.OEMO 4 70E-03 1.20E-02 8.20E-02 
3.0E+00 3.803-03 8.8OE-03 7.8OE-02 

' 4.OE+OO 3.30E-03 7.20E-03 7.453-02 

Ref ererices : 

J. Koth, J. Bohdansky, and W. O t t enbe rge r ,  Report  IPP 9 / 2 6  (May 1 9 7 9 )  from 
Max-Planck-Insti tut  f u r  Plasmaphysik, Garching. This  r e p o r t  i s  a compendium 
of d a t a  from va r ious  sou rces .  

Accuracy: I + 10%. 

Notes: ( 1 )  The d a t a  shown he re  i s  l a r g e l y  der ived  from a semi-empirical  
expres s ion  [ E q .  1 i n  t h e  i n t r o d u c t i o n ]  f i t t e d  t o  experimental  d a t a  i n  t h e  
r eg ion  0.05 t o  0.3 keV and e x t r a p o l a t e d  t o  lower e n e r g i e s .  A t  h ighe r  ene rg ie s  
i t  i s  simply a f i t  t o  exper imenta l  d a t a .  Experimental  d a t a  ag rees  wi th  t h i s  
p r e s e n t a t i o n  t o  b e t t e r  than + 10%. 

depending on t h e  type  and manufacturer .  [See R.  Behrisch e t  a l . ,  J. Nucl. 
Mater. 60, 3 2 1  ( 1 9 7 6 )  and J. A. Borders e t  a l . ,  J. Nucl Mater. 76  6 7 7 ,  168 
(1978)  IT These d a t a  are a p p r o p r i a t e  t o  p y r o l y t i c  carbon (Union-&apEte) .  

magnitude a t  e l eva ted  tempera tures  due t o  chemical e f f e c t s .  
a l . ,  J. Nucl. Mater. - 63,  222  ( 1 9 7 6 ) ] .  

( 2 )  The s p u t t e r i n g  y i e i d  f o r  carbon v a r i e s  by as much as a f a c t o r  of two 

-- 
-- 

(3 )  The s p u t t e r i n g  y i e l d  o f  C by H and D i n c r e a s e s  by o r d e r s  of 
[See J. Roth - e t  

- 
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4 +  Spu t t e r ing  o t  A1 by H , D and He 

(normal inc idence ,  room tempera ture)  

+ +  

_ _ ~ -  ___.- ...... - .. 
Energy  Spu t t e r ing  C o e f f i c i e n t  S (a tomsJ ion)  

( k V )  H+ D+ 4nef 
- 

4.OE-02 2.00E-04 8.20E-03 
6.OE-02 1.30E-03 2 90E-02 
1.OE-01 5.OOE-04 6.80E-03 7.00E-02 
2.OE-01 2.80E-03 2.00E-02 1.50E-01 
3.OE-01 5.0 OE- 0 3 2.80E-02 1.8013.-01 

6.70E-03 3.20E-02 2.00E-01 4 OE-01 
6.OE-01 9 .  00tA--03 3.80E-02 2"  20E-01 
1. O E N O  1.20E-02 4.10E-02 2 10E-01 
2 OEI-00 1.2 2E-02 3.3 OE-02 1 .7  3E-01 
3.OEi-00 1.05E-02 2.50E -02 1 .50E-01 
4.OE+OO 9.0 OE-0 3 2 .0  OE-02 1.2OE-01 

1 .30E-02 9.20E-02 6. OEtoO 
._ ____I_ 

6.70E -03 
..---_-1111- ._ 

J. Roth,  J. Bohdansky, and Gb, Ottenberger ,  Repor t  I P P  9 / 2 6  (May 1979) f r o m  
Max-Planck-Institut f u r  Plasmaphysik Garching. This  r e p o r t  i s  a coiiipetidi iim 

of d a t a  f r o m  va r ious  sou rces .  

Accuracy: -6 10%. 
II I_-....- - 
Notes: ( 1 )  The d a t a  shown he re  i s  l a r g e l y  der ived  from a semi-empirical  
expres s ion  [Eq.  1 i n  t h e  i n t r o d u c t i o n ]  f i t t e d  t o  experimental  d a t a  i n  t h e  
reg ion  0.07 t o  1.0 keV and e x t r a p o l a t e d  t o  lower e n e r g i e s .  A t  h igher  e n e r g i e s  
i t  i s  simply a f i t  t o  experimental  d a t a .  Experimental  d a t a  agrees wi th  t h i s  
p r e s e n t a t i o n  t o  b e t t e r  than + 10%. 

sugges t ing  perhaps t h a t  oxide w a s  p re sen t  du r ing  the  experimental  measurements. 
( 2 )  For H+ and JI' impaFt  t he  d a t a  i s  very  similar t o  t h a t  f o r  A1 0 2 3  
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Sputtering Coefficient of AI 

by H’, D’, 4He+ 
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S p u t t e r i n g  of T i  by H', D+ and 4 +  H e  

(normal i n c i d e n c e ,  room temperature)  

Energy S p u t t e r i n g  C o e f f i c i e n t  S (a toms/ ion)  

(keV) H+ D+ 4 ~ e +  
- 

4.OE-02 5.2 OE-04 
6.OE-02 2 80E-04 2.90E-03 
1.OE-01 1.00E-04 1.70E-03 9 .20E-03 
2.OE-01 8 .00E-04 5 .10E-03 2 .1  OE-02 
3.OE-01 1.70E-03 7.40E-03 2.90E-02 
4.OE-0 1 2.20E-03 9.30E-03 3.40E-02 
6.OE-01 3.00E-03 1.20E-02 4 OOE-02 
1 .OEM0 3.50E-03 1.30E-02 4.90E-02 
2.OEMO 3.4 OE-03 1.20E-02 5.5 5E-0 2 
3.OEi-00 2.80E-03 1.04E-02 5.30E-02 
4.0E+OO 2.30E-03 9.20E-03 5.0 OE-0 2 
6.OE+OO 1.70E-03 7.90E-03 4 30E-02 

References:  

J. Roth,  J. Bohdansky, and W. Ottenberger ,  Report I P P  9 / 2 6  (May 1979) from 
Max-Planck-Institut f u r  Plasmaphysik, %arching. This r e p o r t  i s  a compendium 
of d a t a  from v a r i o u s  s o u r c e s .  

Accuracy: + - 20%.  

Notes: ( 1 )  The d a t a  shown h e r e  i s  l a r g e l y  d e r i v e d  from a semi-empirical  
e x p r e s s i o n  [ -Eq .  1 i n  t h e  i n t r o d u c t i o n ]  f i t t e d  t o  experimental  d a t a  i n  t h e  
regio? 0.1 to+6.0 keV and e x t r a p o l a t e d  t o  lower e n e r g i e s .  
f o r  H and H e  

and have not  been confirmed exper imenta l ly .  

Experimental d a t a  
agrees  wi$h t h i s  p r e s e n t a t i o n  t o  b e t t e r  t h a n  + 20%.  

( 2 )  The d a t a  f o r  D impact are  i n t e r p o l a t e d  by Eq .  1 in t h e  i n t r o d u c t i o n  
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Spu t t e r ing  of m by H+, D+, and 4He+ 

(normal inc idence ,  room tempera ture)  

S p u t t e r i n g  C a e f f l c i e n t  S 
( a t oms / i on 1 

Kt D+ 4he5 

6.0 E-02 
1.0 E-01 
2.2 E-01 
3.0 E-01 
4.0 E-01 
6.0 E-01 
1.0 E+00 
2.0 E+00 
3.0 E+OO 
4.0 W-00 
6.0 E+00 
9.0 E+OQ 

1.0 E-05 
6.3 E-05 
2.0 E-04 
5.0 E-04 
1.1 E-03 
2,o E-03 
2.1 E-03 
2.0 E-03 
1.8 E-03 
1.5 E-03 

3.0 E-05 
9.0 E-04 
1.7 E-03 
2.6 E-03 
4.1 E-03 
4.0 E-03 
7.9 E-03 
7.9 E-03 
7.7 E-03 
7.4 E-03 
5.0 E-03 

9.5 E-04 
4.8 E-03 
1.8 E-02 
2.4 E-02 
2.8 E-02 
3.8 E-02 
4.8 E-02 
5.1 E-02 
5.1 E-02 
5.0 E-02 
4,7 E-02 
4.2 E-02 

References:  3. Roth, J. Bohdansky, and W. Ot tenberber ,  Report IPP 9/26 
(Play 1979) from Max-Planck-lnstitut fiir Blasmaphysik, 
Garching. T h i s  r e p o r t  i s  a compendium of data from various 
SouPCes e 

Accuracy : 910% 0 

Notes: (1) The data shown he re  are l a rge ly  de r ived  from a semi-empirical 
expres s ion  [ E q .  1 i n  the  i n t r o d u c t l o n ]  f i t t e d  t o  experimental  d a t a  
i n  the region 0.15 t o  8.0 keV and e x t r a p o l a t e d  t o  lower energies.  
Experimental  d a t a  agree w i t h  this p r e s e n t a t i o n  t o  b e t t e r  than 
+IO% D 
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4 +  He Sputtering of Stainless Steel by H+, D+ and 

(normal incidence, room temperature) 

Energy Sputtering Coefficient S (atoms/ion) 

(keV) Ht- D+ He 4 + 

4.OE-02 1 .OOE-O4 3.8 OE -0 3 
6.OE-02 5.30E-04 1.40E-02 
1.OE-01 4.9 OE-04 3.60E-03 3.50E-02 
2.OE-01 2.60E-03 1.20E-02 6.50E-02 
3.OE-01 4.30E-03 1.7 OE-02 7.90E-02 
4.OE-0 1 5.80E-03 2.10E-02 9.10E-02 
6.OE-01 7.80E-03 2.5OE-02 1 .1 OE-0 1 
1 . OEM0 9.60E-03 2.90E-02 1.30~3-01 
2.OEi-00 9.00E-03 2.7 OE-02 1 .4  OE-0 1 
3.OEl-00 8.00E-03 2.20E-02 1.40E-01 
4.OE+OO 6.80E-03 1.90E-02 1.30E-01 
6.0Ei-00 4.80E-03 1.60E-02 1.17E-01 

References : 

J. Roth, J. Bohdansky, and W. Ottenberger, Report IPP 9/26 (May 1979) from 
Max-Planck-Institut f u r  Plasmaphysik, Garching. This report is a compendium 
of data from various sources. 

Accuracy: - + 20%. 

Notes: The data shown here is largely derived from a semi-empirical 
expression [Eq. 1 in the introduction] fitted to experimental data in the 
region 0.1 to 1.0 keV and extrapolated to lower energies, At higher energies 
it is simply a fit to experimental data. Experimental data agrees with this 
presentation to better than + 20%. 

(1) 

( 2 )  The stainless steei was types 316 and 304. 
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f +  4&t. 
Spu t t e r ing  of T i c  by 1 , I) and 

(normal inc idence ,  room tempera ture)  

Spu t t e r ing  C o e f f i c i e n t  S (a toms/ ion)  

(keV) H+ D' 4He+ 
-- -.---.-......--.-I__ I_......_._____I 

4 OE-02 3.20%-04 
6.0E-02 1.OOE-04 2.70E-03 
1.OE-01 1.1 OE-04 1.50E-03 1.30E-02 
2.OE-01 1.30E-03 7.10E-03 3 1 OE-02 
3.OE-01 2.8OE-03 1.2 OE-02 4 e 4 OE- 0 2 
4.OE-0 1 4.00E-03 1.50E-02 5 50E-02 
6.OE-01 5.801~-03 1.80E-02 6.30E-02 
1.OE-tOO 7.20E-03 2.00E-02 7.60E-02 
2 0E-I-00 7.20E-03 1.90E-02 8.5 OE -0 2 
3.OE4-00 6.80E-03 1.80E-02 8.30E-02 
4.OE-l-00 6.1 OE-03 1.7 OE-02 8.4 OE-02 
6.OE+OO __.- 4 . 5 0 ~ 3 3  1.5OE-02 7.90E-02 * 

References:  

J. Roth,  J. Bohdansky, and W. O t t enbe rge r ,  Report IPP 9/26 (May 1979) from 
Max-Planck-Insti tut  f u r  Plasmaphysik, Garching. This  r e p o r t  i s  a compendium 
of d a t a  from var ious  sources .  

Accuracy: I f l o%,  

Notes: ( 1 )  The d a t a  shown here i s  l a r g e l y  de r ived  from a semi-empirical  
expres s ion  [Eq. 1 i n  t h e  i n t r o d u c t i o n ]  f i t t e d  t o  experimental  d a t a  i n  t h e  
reg ion  0.1 t o  1.0 l c e V  and e x t r a p o l a t e d  t o  lower e n e r g i e s .  A t  h ighe r  ene rg ie s  
i t .  i s  simply a f i t  t o  experimental  d a t a .  Experimental  d a t a  ag rees  wi th  t h i s  
p r e s e n t a t i o n  t o  b e t t e r  than +- 10%. _. 
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S e l f - s p u t t e r i n g  C o e f f i c i e n t s  for 

A l ,  C r ,  N i ,  Cu, and Zn 

(normal inc idence  room tempera ture)  

S e l f - s p u t t e r i n g  C o e f f i c i e n t s ,  S 
(a toms/ ion)  

Energy 
(keV) A l  C r  N i  cu Zn 

2 .OE-02 
3.OE-02 
4.OE-02 
6 OE-02 
1 .OE-01 
2.OE-01 
3 .OE-01 
4.OE-01 
6 OE-0 1 
1 OE+OO 
2.OE+OO 
3.OE+OO 
4 e OE+OO 
6.OE+OO 
l.OE+Ol 
2.OE+01 
3.OE+01 
4.0E+01 

1.6E-02 
2.5E-02 
3.73-02 
7.1E-02 
1.7E-01 
4.7E-01 
7.OE-01 
8 9E-0 1 
1 lE+OO 
1.3E+OO 
1.2E+OO 
l.lE+OO 
1. OE+OO 
8.6E-01 
7.OE-01 
5.5E-01 
4.8E-01 
4 2E-01 

2.43-02 
4.OE-02 
7.4E-02 
2.OE-01 1.8E-01 
4.6E-01 4.6E-01 
7.OE-01 7.2E-01 
9.1E-01 9 5E-01 

1*4E+00 
1.8E+OO 
2.5E+OO 
3.OE+OO 

1.7E-01 
3 .OE-01 

2.1E-01 5 .OE-0 1 

1 . 1E+OO 7.2E-01 
1.7E+OO 
2 OE+OO 
2.5E+00 
3*5E+OO 
4.4Ed-00 
5.OE+OO 

6.OE+OO 

7.8E+OO 
8.1E+OO 
8.2E+01 

5.3E-01 6.4E-01 

5 2E+OO 

6 9E+OO 

References : 

Al+ + Al: 
0. Almen and G. Bruce, Nucl. Instrum. Meth. 11, 279 (1961). 

C r f  + Cr: 
N i +  + N i :  
16, 147 (1978). 

Cu+ + Cu: 
0. Almen and G, Bruce, Nucl. Instrum. Meth. 11, 279 (1961). 

Zn+ + Zn: 

W. W. Hayward and A. R. Wolter, J. Appl. Phys. 4 0 ,  2911 (1969); 
I_ 

W. W. Hayward and A. R. Wolter, J. Appl. Phys. 40, 2911 (1969). 

E. Hechtl, H. L. Bay, and J. Bohdansky, Appl. Phys. (Germany) 

c 

_. 

W. H. Hayward and A. R. Wolter, J. Appl. Phys. 40, 2911 (1969); 
- 

A. F o n t e l l  and E. Arminen, Can. J. Phys. 47, 2405 (1969). - 
Accuracy : Unknown. 

Note: The d a t a  f o r  A l  involve  a l i b e r a l  i n t e r p o l a t i o n  from 5.OE-01 t o  
4.OE01 keV energy. 
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S e l f  -Sput te r ing  Coef f i c i en t s  f o r  

Ag, Au, b, Nb, and W 

(normal incidence,  room temperature) 

Se If -Spur t e r i n g  61 e € f i c i e nt s 

W 

3.OE-02 
4 .OK-02 
6.OE-02 
1 .OE-01 
2.OE-01 
3 .OJ3-01 
4 e OH-01 
6 .OE-131 
l.OE+OO 
2.OE+OO 
3. OK COO 

4 0E-t-00 
6 .  OEiOC) 
1 . OE+O 1 
2 .) OE-1-0 1 
3.OE-t-01 
4,0E+U1 
6 . OE+ 0 1 
l.OP:+O2 

1 .3 E-- 0 P 
2.7E-01 
5.5E-01 
9.7% e 1 
1.8E-t-00 
2.4E1-00 
2.9E+OO 
3.9EJ-00 
5.3EI-00 
7.3E-i-00 
8.9E+00 
l.OE+Ol 
1.2E+O1 
1.5E-1-01 
2.OE-l-01 
2.3E-t-01 
2.6EiO 1 
3.1E-t-01 
3.7E+01 

3.3E-02 
1 .OE-01 
2.5E-01 
6.OE-01. 
1.4E4-00 
2 *OE+00 
2 e 5E.k-00 
3.3E-f-00 
4 0 7F-tc)O 
7 .  OE-tOO 
a. OE-6.00 
1.1E-t-01 
1.3E-t-01 
1.8E-t-01 
2.6EI-01 
3.3E-t-01 

4 OE-02 
1.2E-01 
1.9E-01 
2.5E-01 
3 7E- 0 1 
5.6E-01 
8.3E-01 
1.1E4-00 
1.3E.t-00 
1.6E.4-00 
2 * IEI-00 

1.1E-01 
1.9E-01 
2.7E-01 
3.5E-01 
4,7E-01 
6.9E-01 
1.1E-t-00 
1.5Et-00 
2.0E-t-00 
2*5E+OO 

2.6E+O0 3 8E+00 
2 5E-i-00 
3.OE+ 00 
3 I 3E-t-00 
3.8F:+UO 

References : 

Ag+ Ag: H. h d e r s e n  and 11. Le Ray, b d i a t .  E f f .  19 ,  139 (1973);  W. H. 
Hayward and A. R. b l t e r ,  J, Appl.  Phys. 40, 2 9 1 1  (n69). 

-._  ̂

I__. 

A u ~  3 Au: 
E ,  P. Ee rn i s se ,  A p p l .  Phys. Lett. 29, 14 (1’475). 

Nb+ t Nb: 
4774 (1971). 

W. H. Uayward and A. R. WoLter, J. Appl. Phys. 40,  2911 (1969);  - 
- 

A. J. Summers, N. J. Freeman, and N. R. Daly, J. Appl.  Phys. 4 2 ,  
I_ 

- I -  Mo: M. Saidoh arid K. Sone, Jap. J. Appl .  Phys. 2 2 ,  1361 (1983). 
1 

Y+ f W: M. Saidoh and K. Sone, Jap. J. AppI. Phys. 2 2 ,  1361 (1983). - 
k c u t a c y  : Unknown - 
Note: The data f o r  Au involve a l i b e r a l  i n t e r p o l a t i o n  f rom 4.OE-01 t o  
4 .  OEO I kev energy. 
__..... 
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Example of Energy D i s t r i b u t i o n  of Sput te red  Atoms 

Gold Atoms Sput te red  from Au by H f  I m p a c t  

(normal inc idence ,  room tempera ture)  
--- 
Energy of Flux of Sput te red  P a r t i c l e s  
Sput te red  ( a r b i t r a r y  u n i t s )  
P a r t i c l e s  

(eV> 

H+ 
(15-keV Impact) 

H+ 
(30-keV Impact) 

- . . -.- 

5.OE-01 8.0 6.5 
1.OE 00 13.0 9.5 

3.OE 00 13.0 9.0 
5.OE 00 10.0 6.5 
1.OE 01 5.0 3.4 
2.OE 01 2.0 1 .3  
3.0E 01 1 .o 0.6 
5.0E 01 0.4 0.25 

2.OE 00 14.0 10.0 

-_ _I 

Reference : 

P. Hucks e t  a l . ,  J. Nucl. Mater. 76 & 77,  136 (1978) .  
I- - -  

Accuracy : f 5%. - 
Note: ( 1 )  The f l u x e s  are i n  a r b i t r a r y  u n i t s ;  t h e  numbers f o r  15-keV and 
30-keV impact have no r e l a t i v e  s i g n i f i c a n c e .  
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E x a m p l e  of Chemical S p u t t e r i n g  

+ 
SpuCLering of C (Graphi te )  by H and He+ as a Function 

of 'Temperature (normal inc idence )  
................. ..... l^____l ..... ___I _9.- 

Spi.itt:er-ing C o e f f i c i e n t s  S v-7 lemperature  
(OC> (atoms/ion! 

f 
H+ H' a+ H+ H e  

( 0 . 6 7  keV) ( 1 . 0  keV) ( 2 . 0  keV) (7.0 keV) ( 6 . 0  keV) 
~ ~. . ....... 

2.0E 01 9.1E-02 
2,OE 02 2 cI OE-03 4 e OE-03 2.OE-03 
3,OE 02 2.5E-03 6.OE-03 3.0E-03  
4.OE 0 2  1.3E-02 8.OE-83 7.OE-03 5.OE-03 
4.5E 02  2 e 7E-02 1 . m - 0 2  9.OE-03 8.OE-03 
5.OE 0 2  4.3E-02 3.OE-02 1.3E-02 1.2E-02 

1.9E-02 5.5E 07. 6.8E-02 5.1E-82 2.0E-02 
6.OE U2 8.0E-02 7 . m - 0 2  3.2E-02 3.OE-02 9.9E-02 
6.5E 0 2  8.1E-02 7 . m - 0 2  6.OE-02 3.O.E-02 
1.0E 0 2  6.7E-02 5.5E-02 5 OE-02 2,OE-02 

3.5E-02 1.2E-02 4.OE-02 7.5E 02 ___ .................... -.____11 -.-- 

Reference:  

J. Koth e t  a l . ,  J. Nucl. Mate r .  63 ,  222 ( 1 9 7 5 ) .  - -. I_ 

Acc1*racy: - + 20%.  

Notes: ( 1 )  The sample material  i s  p y r o l y t i c  g r a p h i t e  from Union Carbide wi th  
t h e  s u r f a c e  cu t  p a r a l l e l  t o  t h e  c-axis .  It i s  well known t h a t  s p u t t e r i n g  
c o e f f i c i e n t s  of  carbon vary  g r e a t l y  depending on manufac turer ,  f o r m  of 
matcrial, and o r i e n t a t i o n  o f  t h e  s u r f a c e ;  v a r i a t i o n s  of a t  l ea s t  a f a c t o r  of 
two a r e  t o  be expected - see r e f e r e n c e  c i l e d .  

( 2 )  Many o t h e r  measurements of s p u t t e r i n g  a r e  a v a i l a b l e ,  g e n e r a l l y  f o r  
i n c i d e n t  e n e r g i e s  of  1 e V  01 less.  For a complete l i s t i n g  see R. M. U .  
Scherzer  e t  a l . ,  i n  ? roc .  I n t .  Symposiuni on P l a s m a  ___ Wall T n t e r a c t i o n ,  _-I- J u l i c h ,  
1 9 7 6  (Berg-gmmon P r e s s ,  Oxford,  1 9 7 7 ) ,  $. 353. -3- 

here as though they  werc f o r  p r o t o n s  of t h e  same v e l o c i t y  with S g i v e n  as 
atoms e j e c t e d  per  nucleon i n c i d e n t .  

i n c o n s i s t e n t  w i th  those  presented  i n  D.1.4 and D . 1 . 5 .  These d i f f e r e n c e s  may 
s imply be due  t o  d i f f e r e n t  f o r m s  of carbon. 

( 5 )  Cheuujcal s p u t t e r i n g  may be dependent on p r o j e c t i l e  f l u x  ( s e e  J. N.  
Smith and R. H. Meyer, J. Nucl. Mater.  76 & 7 7 ,  193 ( 1 9 7 8 ) ) .  

( 3 )  The d a t a  were taken us ing  H2 . and H p r o j e c t i l e s  ; they  are shorn  
3 

( 4 )  It i s  noted t h a t  t h e  va lues  of S a t  l o w  tempera tures  are 

-- 1_ 
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Spu t t e r ing  Coef f i c i en t  of 

N i  and W by 0'- 

(normal inc idence ,  room temperature)  

Spu t t e r ing  C o e f f i c i e n t s ,  S 
( a toms / i on 1 

Energy 
(keW N i  w 

1 .OE-01 
2.OE-01 
3.OE-01 
4 .OE-01 
6.OE-01 
1 .OE+OO 
2.0Ei-00 
3.OE+00 

2.4 6E-02 
1.01E-01 
1 62E-01 
2.0 5E-0 1 
2.69E-Q1 
3.51E-01 
4.8 1E- 0 1 
5.60E-01 

1.16E-02 
1.563-02 
2.2 3E-02 
6.41E-02 
1.95E-01 
3.4 7E-0 1 
4.06E-0 1 

Reference: J. Roth, J. Bohdansky, and W. Ottenberger ,  Report I P P  9 /26  
(May 1979) from Max-Planck-Institut f u r  Plasmaphysik, Garching. 
This  r epor t  is a compendium of d a t a  from var ious  sources .  

Accuracy : Unknown. 

Note: Or ig ina l  d a t a  po in t s  dev ia t e  from the curve shown here  by up t o  40% - 
i n  l imi t ed  energy regions.  
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Neutron S p u t t e r i n g  of V ,  Co, Nb,  and Au 

( M a t e r i a l s  are p o l y c r y s t a l l i n e .  

Temperatures  are room tempera tu re . )  

Material Neutron Upper Bound t o  P r i n c i p a l  
Energy S p u t t e r i n g  Coef f i c i e n  t s Ref e r enc e 
(MeV 1 ( a toms /neu t ron )  

V 14.8 < 5 5 

co 16 ( a v g )  < 2 1 
-4 

293 

< 5 x "most l i k e l y "  293 

Nb 14.8 < 10 " c e r t a i n "  

Refe rences :  

( 1 )  L .  H. J e n k i n s  e t  a l . ,  J. Nucl. Mater. 6 3 ,  438 ( 1 9 7 6 ) .  
( 2 )  R. Behr i sch  e t  a l . ,  J. Appl. Phys. 4 8 , 3 9 1 4  ( 1 9 7 7 ) .  
( 3 )  0 .  K. H a r l i n g  e t  a l . ,  J. Appl. Phys.48, 4315 ( 1 9 7 7 ) .  
( 4 )  0. K. H a r l i n g  e t  a l . ,  J. Nucl. Mater. 6 3 ,  422 ( 1 9 7 6 ) .  
( 5 )  M. Kaminsky and S. K. Das, J. Nucl. Mater. 6 6 ,  333 ( 1 9 7 7 ) .  

-- 
-- 
-- I 

-- 
- 

Accuracy : Unknown. 

Notes:  I n  most n e u t r o n  s p u t t e r i n g  measurements t h e  quoted r e s u l t s  are an 
upper bound s e t  by t h e  l i m i t s  of d e t e c t a b i l i t y .  Numerous e a r l i e r  measurements 
e x i s t  ( n o t  quoted h e r e  bu t  l a r g e l y  c i t e d  i n  r e f e r e n c e s  2 ,  3 ,  and 4 )  g i v i n g  
l a r g e r  upper  bounds r e f l e c t i n g  poore r  d e t e c t i o n  s e n s i t i v i t y .  

( 2 )  A l l  quoted measurements i n v o l v e  removal of l e s s  t h a n  one monolayer 
of a s u r f a c e  covered w i t h  a n  unknown amount of o x i d e ;  c o n s e q u e n t l y ,  t h e  d a t a  
may n o t  be r e p r e s e n t a t i v e  of b u l k  metal. 

( 3 )  E a r l y  r e p o r t s  of  "chunk" e j e c t i o n  appear  t o  be r e l a t e d  t o  t h e  method 
of t a r g e t  p r e p a r a t i o n  and are  no t  r e p o r t e d  by most workers;  see r e f e r e n c e  2 .  

( 4 )  For a t h e o r e t i c a l  estimate see R. B e h r i s c h ,  Nucl. In s t rum.  Meth. 
1 3 2 ,  293 ( 1 9 7 6 )  and a l so  H. Uecher e t  a l . ,  J. Nucl. Mater. 9 3  & 9 4 ,  670 ( 1 9 8 0 ) .  

( 1 )  

-- - -  - 





H-2 

Secondary E l e c t r o n  Emission C o e f f i c i e n t s  for E l e c t r o n  

Impact on Clean Surfaces of C ,  Al, and T i  

Secondary Elec t ron  Emission C o e f f i c i e n t  
( e l c c t r o n s / e l e c t  Icon) 

Energy 
(keQ C Al Ti 

1.0 E-02 
2.0 E-02 
4.0 E-02 
7.0 E-02 
1.0 E-01 
2.0 E-01 
4.0 E-01 
7.0 E-01 
1.0 E 00 
1.5 E 00 
2.0 F, 00 
4.0 E 00 
5.0 E 00 

3.73 E-01 
5.22 E-01 
6.32 E-01 
8.92 €2-01 
9.24 E-01 
7.46 E-01 
6.08 E-01 
4.77 E-01 
3.79 E-01 
2.28 E--01 
1.87 €2-01 

8.01 E-02 
1.99 E-01 
4.22 E-Q1 
6.15 E-01 
7.23 E-01 
9.06 E-01 
9.75 E-01 
9.11 E-01 
8.32 E-01 
7.25 E-01 
6.56 E-01 

4.80 E-01 
5.42 E-01 
7.72 E-01 
8.41 E-01 
7.54 E-01 
6.79 E-01 
6.05 E-01 

References: e 4- C - H. Bruining,  Philbys Tech. Rev. 3, 80 (1938);  J. 
~ 6 1 ~ 1  and K. ~ a e s b i ,  Surface sci. 14, 35i (1969); D. R U Z ~ C ,  

K,  Moore, De b’fanos, and S. Coohen, J, Vac. Sci. Technol., 
20, 1313 (1982). 

- 
- 
e f Ad - I. M. Bronshtein and V. V. Rashchin, Sov. Phys. 
Tech. Phys. 3 ,  2271 (1958); S .  Thorns and E. B. P a t t i n s o n ,  
J. Phys. PI 37 349 (1969). - 
e + T i  - D. Ruzic, R. Moore, De Manos, and S.  Cohen, J. 
Vac, Sci. Technol. 20, 1313 (1982) .  - 

Accuracy: Random error 6% ( e s t i m a t e d ) .  

Note: The r e l a t i v e  variation of t h e  secondary emiss ion  C o e f f i c i e n t  may 
be  reliable.  The  a b s o l u t e  data from di f f erent  sources may d l f f e r  
u p  to 30% i n  some cases. 
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Secondary Electron Emission Coefficient 
for Electron Impact on Clean Surfaces 

of C, AI, and Ti 
I I I 1 I I l l l  I I 1 1 i I l l 1  I I r 1 r r - r  

SOLID C 
DASH AI 
CHNDOT Ti 

I I I I I I l l 1  I I I I I t 1 1 1  I 1 1 I I L L  

10;' 1 oo 
ENERGY (keV) 

1 0' 
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Secondary E lec t ron  Emission Coef f i c i en t s  for  Elec t rons  

a t  Normal Incidence on Clean SS,  N i ,  Mo, and Au 

Secondary E lec t ron  Emission Coef f i c i en t  
(e l e c t r o n s / e l e c t  ron) 

Energy 
(@VI ss N i  No Au 

3.4 E-03 
7.0 E-03 
1.0 E-02 
2.0 E-02 
4.0 E-02 
7.0 E-02 
1.0 E-01 
2.0 E-01 
4.0 E-01 
7.0 E-01 
1.0 E 00 
2.0 E 00 
4.0 E 00 
7.0 E 00 

6.16 E-03 
8.89 E-02 
1.43 E-01 
2.66 E-01 
4.18 E-01 

5.22 E-01 6.08 E-01 5.71 E-01 
6.77 E-01 8.36 E-01 6.96 E-01 
1.00 E 00 1.16 E 00 1.01 E 00 

1.14 E 00 1.29 E 00 1.18 E 00 
1.03 E 00 1.18 E 00 1.05 E 00 

7.82 E-01 
4-72 E-01 
3.29 E-01 

1.24 E 00 1.34 E 00 1.25 E 00 

2.04 E-01 

6.97 E-01 
9.38 E-01 
1.09 E 00 

3.64 E-01 

1.37 E 00 
1.63 E 00 
1.80 E 00 

1.59 E 00 
1.77 E 00 

References:  E + SS - D. Ruzic, R. Moore, D. Manos, and S .  Cohen, J. 
Vac. Sci.  Technol. 20, 1313 (1982). 

e + N i  - S. Thomas and E. B ,  Pat t inson ,  J. Phys. D 3, 349 
(1969). 

- 
- 

e + Mo - Von G. Blankenfeld,  Ann. de r  Physik 9 ,  48 (1951); 
I a  M. Bronshtein,  Bul l .  Acad. Sci .  USSR 2 2 ,  472 (1958); 
D. Ruzic, R. Moore, D, Manos, and S. CohG, J. Vac. Sci. 
Technol. 20, 1313 (1982). 

e .t Au - I. M. Bronshtein and V. V. Roshchin, SOV. Phys. 
Tech. Phys. 3 ,  2271 (1958); S. Thomas and E, B. Pa t t i n son ,  
J. Phys. D I 3; 349 (1969). 

- 

Accuracy: Random e r r o r  (5% (es t imated) .  

Notes: (1) Errors  f o r  t he  f o u r  elements are estimated. 
( 2 )  FOP: secondary emission from steel i n  t h e  energy range 
40-200 k e V ,  see J. G. Trump and R. J. Van de Graf f ,  Physa Rev. 
75, 44 (1948). 
n) 
c i e n t  may be r e l i a b l e .  The abso lu te  d a t a  from d i f f e r e n t  sources  
may d i f f e r  up t o  30% i n  some cases. 

The relattve v a r i a t i o n  of the secondary emission c o e f f i -  
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Emission of Secondary Electrons by Electron Impact 

2.5 

0.5 

0.0 

on Clean Surfaces of 
Stainless Steel, Ni, Mo, and Au 

I I I I I l l l l  I I I I I l l l (  I I I I I l l l l  I I I f l T T  

SOLID S.S. 
DASH Ni 
CHNDOT Mo 
DOT AU 

_ .  
. .  . .  

I I I I lllll 1 I I I l l l l l  I I l l l U  

IO- lo-2 lo-' loa 1 0' 
ENERGY (keV) 
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Secondary E l e c t r o n  Emission C o e f f i c i e n t s  f o r  E l e c t r o n s  

a t  Noma1 Inc idence  on Clean and G a s  Covered Ti 

Secondary E l e c t r o n  E n i s s i a n  C o e f f i c i e n t  
( e  lectrons/elect ron) 

Energy 
(ev) Before Cl-enning 200 A Removed Air E x ~ ~ s u L - ~  

290 
400 
6 00 
8 00 

1000 
1200 
1400 
1600 

8.31 E-01 
9 . 1 3  E-01 
8.75 E-01 
8.31 E-01 
7.83 E-01 
7.46 E-01 
7.11 E-01 

1.44 E 00 
1.31 E 00 
1.17 E 00 
1.07 E 00 
9.93 E-01 
9.31 E-01 
8.80 E-01 
8.27 E-01 

1.25 E 00 
1.15 E 00 
1.07 E 00 
9.96 E-01 
9.25 E-01 
8.67 k!-Ol 
8.15 E-01 

Reference:  8. Padamsee and A. J o s h i ,  J. Appl .  Phys. 50, 1112 (1979).  ___ 

Accuracy: Sys temat ic  error ,  u n c e r t a i n ;  random e r r o r ,  <5% ( e s t i m a t e d ) .  

Notes:: (1)  The column, b e f o r e  c l e a n i n g ,  refers t o  the Ti as r e c e i v e d ;  
c l e a n  Ti refers t o  T i  a f t e r  a 200 l a y e r  w a s  removed from t h e  
surface; a f t e r  exposure refers t o  exposing t h e  T i  s u r f a c e  t o  a i r  
a f t e r  t h e  200 A l a y e r  was removed. 
( 2 )  The T i  d a t a  a f t e r  t h e  200 A l a y e r  was removed do not agree 
with “‘clean T i ”  of other a u t h o r s  and o ther  graphs.. 
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Secondary Elec t ron  Emission Coef f i c i en t s  f o r  Elec t rons  

a t  Norma1 Incidence on Clean and G a s  Covered T i C  

Secondary E lec t ron  Fmission Coef f i c i en t  
Energy 
(ev> Clean Gassy 

7 5  
90 

100 
2 00 
3 00 
400 
6 00 
8 00 

1000 
1200 

5.73 E-01 
6.25 E-01 
8.48 E-01 
9.70 E-01 
1.02 E 00 
9.96 E-(41 
9.35 €3-01 
8.33 E-01 
8.08 E-01 

1.01 E 00 
1.12 E 00 
1.16 E 00 
1.43 E 00 
1.45 E 00 
1.42 E 00 
1.26 E 00 
1.12 E 00 
1.00 E 00 
9.41 Eo01 

Reference: S. Thomas and E .  B ,  Pat t inson ,  J. Phys. D - 2 ,  1539 (1969). 

Accuracy: Systematic  e r r o r ,  unce r t a in ;  random error C 5 .  

Notes: (1) Tic was deposi ted on a Gu s u b s t r a t e .  %e c lean  n C  r e f e r s  
cI_ 

t o  t h e  su r face  a f t e r  hea t ing  a t  800°C f o r  6 hours. Gassy r e f e r s  
t o  the su r face  as received from t h e  supp l i e r .  
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R--  10 

Secondary E l e c t r o n  Emission C o e f f i c i e n t s  f o r  E l e c t r o n s  

on T i  f o r  O " ,  30", 4 5 " ,  and 60" I n c i d e n t  Angle. 

0' i s  Normal t o  t h e  Surface  

Secondary E l e c t r o n  Emission C o e f f i c i e n t  
(e  Beet rons / e  aect  ron)  

Energy? 
(kev) 0" 30" 45" 60' 

7.0 E-02 4 ,80  E-01 4.61 E-01 4.60 E-01 5.15 E-01 
1.0 E-01 5.37 E-01 5.48 E-01 5.43 E-01 5.83 E-01 
2.0 E-01 7.73 E--01 7.36 E-01 7.41 E-01 7.94 E-01 
4.0 E-01 8.39 E-01 7.97 E-01 8.47 E-01 9.09 E-01 
7.0 E-01 7.52 E-09 7.40 E-01 8.07 E-01 9.11 E-01 
1.0 E-81 6.78 E-01 6.93 E-01 7.65 E-01 8.71 E-01 
1.5 E-01 6.06 E-01 6.27 E-01 7.05 E-01 8.20 E-01 

Reference: D. Ruzic,  I(. Moore, D. Hanos, and S .  Cohen, J. Vac. Sci .  
Technol. 20 ,  1313 (1982) .  - 

ACG-BITBCY: Systematic e r r o r ,  u n c e r t a i n ;  random e r r o r  <5%. 
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Secondary Electron Emission Coefficient 

for Ti at Four Angles of Incidence 

I I 1 I I I I 

SOLID 0 DEGREES 
DASH 30 DEGREES 
CHNDOT 45  DEGREES 
DOT 60 DEGREES 

1 1 I I I I 1 

1.2 1.4 1.6 0.0 0.2 0.4 0.6 0.8 1.0 
ENERGY (keV) 



B-12  

Secondary Elec t ron  h i s s i o n  C o e f f i c i e n t s  f o r  

E l e c t r o n s  a t  Normal Incidence on Different Textured 

P y r o l y t i c  Graphite (PG) Surfaces 

Secondary Elec t ron  Eaoission Coefficient 
( e l e c t  rons/electron) 

EnePim 
(key) SmcDotb PG Textured PG soot 

3.0 E-01 
4.0 E 4 1  
6.0 E-01 
8.0 E-01 
1.0 E 00 
1 . 2  E 00 
1.4 E 00 
1.6 E 00 
1.8 E 00 
2 - 0  E 00 

1.02 E 00 
9.33 E-01 
7.84 E-01 
6.49 E-01 
5.32 E-01 
4.69 E-01 
4.30 E--01 
3.93 E--01 
3.70 E-01 
3.55 E-01 

2.81 E-01 
3.37 E-01 
3 .20  E-01 
2.95 E-01 
2.86 E-01 
2.76 E-01 
2 .68  E-01 
2 .63  E-01 
2.52 E-01 
2 . 4 9  E-01 

3.81 E-01 
3.97 E-01 
3.75 E-01 
3 .62  E-01 
3.54 E-01 
3.54 E-01 
3 , 5 4  E-01 
3.54. E--01 
3.55 E-01 
3.57 E-01 

Reference: E. G. Wintucky, A. N. Curren, and J. S .  Sowey, Thin Sol .  
F i l m s  84 ,  161 (198l). 

_I_ 
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Secondary Electron Emission Coefficient 
for Electrons Normally Incident on Different 

Textured Pyrolytic Gr a phi t e Surf QC e s 
I I 1 I I I I I 1 

SOLID SMOOTH 
DASH SOOT 
CHNDOT TEXTURED PG 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

ENERGY (keV) 
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Secondary Electron Emission Coef f i c i en t s  by Impact 

+ 
of Normally I n c i d e n t  H , W2' Ions C 

Secondary Emission Coeff ic ien t  
Elec t ronsf Ion  

H+ 
-t- 

H2 

2.0 E+01 
3 . 0  EW1 
5.0 E+01 
7.0 E M 1  
1.0 EM2 

1.68 E 00 
1.90 E 00 
2.25 E 00 
2.50 E 00 
2.55 E 00 

2.40 E 00 
2,70 E 00 
3.40 E 00 
3.90 E 00 
4.55 E 00 

11111 

References:  L. N. Large and W. S. Whitlock, Proc. Phys. SOC. (London) 79,  148 
I_ 

(1  962 1. 

Accuracy: - -?- 10%. 

Notes: ( 1 )  There is  s u b s t a n t i a l  evidence t h a t  coe.fficients f o r  Hs and D a e 
the same a t  equal v e l o c i t i e s  suggest ing t h a t  this i s  t r u e  a l s o  f o r  T . 

+ 
f 



... 

L oe 

F-3 
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Secondary Elec t ron  Emission Coefficients by Impact 

of  Normally Inc ident  H+, H2+, He", C?, and 0' Ions on Al 

Secondary Emission Coef f i c i en t  
E lec t rons / Ion  

Energy 
(keV) €I+ H 2+ 4He+ d 0-t- 

2.0 E 00 
4.0 E 00 
7.0 E 00 

2.0 E+O1 

4.0 E+O1 
5.0 E-t-01 

1.0 E+O1 

3.0 E+O1 

2.25 E-01 
3.80 E-01 
5.60 E-01 
7.00 E-01 
1.01 E 00 
1.23 E 00 
1.34 E 00 
1.38 E 00 

1.74 E-01 
3.12 E-01 
4.60 E-01 
6.20 E-01 
1.11 E 00 
1.50 E 00 
1.77 E 00 
1.91 E 00 

2.80 E-01 
3.80  E-01 2.40 E-01 4-50 E-01 
5.10 E-01 4.40 E-01 6.80 E-01 
6.20 E-01 6.50 E-01 8.80 E-01 
8.85 E-01 1.06 E 00 1.32 E 00 
1.10 E 00 1.38 E 00 1.58 E 00 
1.31 E 00 1.65 E 00 1.72 E 00 

1.90 E 00 1.80 E 00 

References: R. A. Baragiola ,  E. V. Alonso, and A. Oliv ia-Flor io ,  Phys. 
Rev. B 19, 121  (1979).  E. V. Alonso, R. A. Baragiola ,  J, 
Ferron,  M. M. Jakas, and A. Olivia-Flor io ,  Phys. Rev. A 22, 
8 0  (1980). 

I 

- 

Accuracy : +lo% a 

Notes: (1)  There i s  s u b s t a n t i a l  evidence t h a t  c o e f f i c i e n t s  f o r  $ and D+ 
are t h e  same a t  equal  v e l o c i t i e s  sugges t ing  t h a t  t h i s  i s  t r u e  a l s o  
f o r  T+. 
(2)  
come from both Baragiola  and Large. 
Alonso. 

Data f o r  He+ are by Baragiola  e t  al. Data f o r  E$ and H2+ 
Data f o r  d and O+ are from 
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Secondary Electron F d s s i o n  Coefficients by Impact 

of Normally Inc ident  H+ and R*+ Ions on TY 

Secondary Emission Coefficient 
E l e C t K O i l § /  IO17 

2.0 E+01 8.50 E-01 
4.0 E+-01 1.07 E 00 
5.0 E+O1 1 .12  E 00 
7.0 E4-01 1.18 E 00 
1.0 E4-02 1.20 E 00 
1.5 E+-02 1.20 E 00 

1.25 E 00 
1.68 E 00 
1.74 E 00 
1.95 E 00 
2 . 2 3  E 00 
2.57 E 00 

References: Le N. Large. arid W. S. Idlitlock, Proc. Phys, Soc. (T,ondon) 
- 7 9 ,  148 (1962) .  
I 

Accuracy : +IO% 

~otes: (1) mere i s  substant ia l  evidence that c o e f f i c i e n t s  for wd- and 
D+ are the same at equal  ve loc i t ies  suggesting that this is true 
a l so  for T+. 
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Secondary Elec t ron  Emission Coef f i c i en t s  by Impact 

o f  Normally Inc ident  w"-, H2', and He+ Ions on N i  

Secondary Emission Coeff ic ien t  
Elec t rons /  Ion 

1.0 E 00 
2.0 E 00 
3.0 E 00 
5.0 E 00 
7.0 E 00 
1.0 E+O1 
2.0 E+Q1 
3.0 E4-01 
5.0 E+Ql 
7.0 E-i-01 
1.0 E+02 
1.3 E+02 

9.50 E-01 
1.15 E 00 
1.39 E 00 
1.50 E 00 
1-58 E 00 
1.60 E 00 

1.18 E-01 
1.41 E 00 
1.77 E 00 
2.18 E 00 
2.60 E 00 
2.92 E 00 

1.80 E-01 
2.40 E-01 
3.00 E-01 
4,30 E-01 
5.20 E-01 
6.30 E-01 
9.30 E-01 
1-13 E 00 
1.45 E 00 

References: €e3 H2+, Hj+ on N i :  
Phys. SOC. 79, 148 (1962).  
He' on N i  : 
Khozinski i ,  B u l l .  Acad. Sei. USSR, Phys. Ser. 26, 1422 
(1962) [ Izv.  Akad. Nauk SSR, Ser. F i z ,  26, 13985- (1962) l .  

L. N. Large and W. S. Whitlock, Proc. 

- 
V. A. Arifov, R. R. Ebkhimov, and 0. V. 

- 
Accuracy : ?lo% e 

Notes: ( 1 )  
Df are the  same a t  equal  v e l o c i t i e s  sugges t ing  t h a t  t h i s  is t r u e  
a l s o  f o r  Tt. 

There i s  s u b s t a n t i a l  evidence that c o e f f i c i e n t s  f o r  E? and 
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Secondary Electron Coefficient 

for H', H2+, He' Ions on Ni 
I 1 1 I I l l 1 1  I 1 I I I I l l l  I I I 1 1  I l l  

SOLID H' 
DASH H,' 

CHNDOT He* 

/ 
I 

I 
I 

/ 
I 

/ 
/ 

/ 

IT 

/- 

I I I I I I I I l  I I I I 1  I l l l  I I I I l J J -  

loo 1 0' IO2 io3 
ENERGY (keV) 
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Secondary Eleczrron E w i s s i  nn C a c f f S c i e n t s  hy Impact  

O E  ~ o r u a ~ . ~ y  i n c i d e n t  I$-, ti2*, HE+ ~ o n s  on cu 

Sc csndai-y E d .  8s 5cn Coef f i c i e a t  
E l  ec t rom/  Ion 

2.0 E 00 
4.0 E 00 
7.0 E 00 
1.0 Et-01 
2.0 E+01 
3.0 E+$1 
4,o w 0 1  
7.0 E+O1 
1.0 E+-01 
1 . 5  E4-02 

3.80 E-01 
4 ,SO E--01 
5.58 E-$1 
7.8C K--Q: 
1.08 E 00 
1.15 E 00 
1.23 E 00 
1.32 E 00 
1.32 E 00 
1.37. E 00 

3.24 E--01 
5.30 E-01 4.55 E-Ql 
1.60 E.--81 6.20 E-$: 
8.90 E-01 8.00 E-01 
1.20 E 00 1.18 E 00 
1.50 E 00 1.44 E 00 
1.70 E 00  1.70 E 00 
2.14 E 00 
2.6$ r: 00 
2.90 E 00  

References: .. .. . . L. N. Large .md W, S. Uhi;lselc, hoc. Phys. SOC. (London) 
7 9 ,  148 (1962) .  R. A. Baragiola,  E. V. Alonso, and 
A .  Olivia-Flsrio, Phys. KFV. Y 1 9 ,  121 (1979) .  
- 

- 
Accuracy- : ?IO%. --. ._. . 

Notes: (1 )  
D-'" are t h e  sme at equal  vel.ocitie?s suggesting that this is t r u e  
a l so  fat 7°C. 
(2 )  
comc from boch smrces cited. 

Thcrc is subs t an t i a l  evidence that coefficients for H? a118 

Data € 3 ~  ~ e +  a m  by h r a g i o l a  et al. b t a  for H+ and I I ~ +  -- __I 
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Secondary Elect run Emission Coef f i c i en t s  by Impact 

of Normally Inc ident  Kt', H2+, Ne+, and O* Xons on Mo 

Secondary Emfssion Coeff ic ien t  
( e l e c t r o n s / i o n )  

Energy 
(keV) €I+ H 2+ 4 ~ e +  a+ 

3.0 E-02 
5.0 E-02 
7.0 E-02 
1.0 E-01 
2.0 E-0% 
4.0 E-01 
7.0 E-01 
1.0 E 00 
2.0 E 00 
4.0 E 00 
7.0 E 00 
1.0 Ei-01 
2.0 E+O1 
4.0 Ei-01 
7.0 EfO1  
1.0 E-t-02 
1.2 Ei-02 

4.3 E-02 
7.2 E-02 
8.3 E-02 
1.1 E-01 
1.6 E-01 
2.1 E-01 

3.9 E-01 
6.2 E-01 
8.4 E-01 
9.8 E-01 
1.2 E 00 
1.4 E 00 
1.5 E 00 
1.5 E 00 
1.4 E 00 

2.5 Em01 

3 .3  E-02 
3.4 E-02 
3.5 E-02 
3.8 E-02 
5.2 E-02 
9.8 E-02 
1.7 E-01 
2.4 E-01 
4.5 E-01 
7.6 E-01 
1.05 E 00 
1.2.5 E 00 
1.7 E 00 
2.4 E 00 
3.0 E 00 
3.0 E 00 
2.8 E 00 

2.9 E-01 
2.8 E-01 
2.7 E-01 
2,6 E-01 
2.5 E-01 
2.5 E-01 
2.6 E-01 
2.8 E-01 
4.0 E-01 
6.0 E-01 

1.0 E 00 
1.5 E 00 
2.1 E 00 

8.5 E-01 

4.0 E-02 
4.2 E-02 
4.3 E-02 
5.4 E-02 
8.0 €3-02 
1.3 E-01 
1.8 E-01 
3.3 E-01 
5.7 E-01 
8.7 E-01 
1.1 E 00 
1.7 E 00 
2.2 E 00 

References:  U. A. Arifav ,  R. R. Rakhimov, and 0. V. Khozinski i ,  Bull .  
Acad. Sci. USSR-Phys. Ser. 26, 1422 (1962);  J. PerrGn, 
E .  V. Alonso, R. A. Baragio=, and A. Oliva-Florio,  J. 
Phys. D 14,  1707 (1981); H. D. Hagstrum, Phys, Rev. 104, 
672 ( 1 9 5 n ;  L. N. Large and 6 6 ,  S .  Whitlock, Proc. Phys. 
SOC. 79, 148 (1962);  W.H.P. Losch, Phys. S t a t .  Sol. (A) 2 ,  
123 (-70); P. Mahadevan, G, 1). Magnuson, J. K. Layton, and 
C ,  E. Car ls ton ,  Phys. Rev. 140, A1407 (1965);  M. Perdix,  S .  
P a l e t t o ,  R. Goutte, and C. Gui l land,  B r i t .  J. Appl. Phys. 
2 ,  441 (1969);  I). W, Vance, Phys. Rev. 169, 252 (1968).  

- 
- 

_cI 

- __I 

Accuracy : +lo%. 

Notes: (1)  
Df are the  s a m e  a t  equal  v e l o c i t i e s  sugges t ing  t h a t  t h i s  is t r u e  
f o r  T+, 
( 2 )  
Losch, Mahadevan e t  al . ,  and Perdix e t  al.;  d a t a  f o r  Hq+ from 
Ferr6n e t  a l . ,  Large and Whitlock, Losch, Mahadevan e t  a l , ,  and 
Vance; d a t a  f o r  He+ from Arifov e t  al., FerrGn e t  a l . ,  Nagstrum, 
and Vance; and f o r  O+ Ferr6n et a l ,  
Perd ix  e t  al. 

There is s u b s t a n t i a l  evidence that c o e f f i c i e n t s  f o r  & and -- 

Data for K) taken from FerrGn et  a l . ,  Large and Whitlock, 

Mahadevan e t  al., and 
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. ... . 

Secondary Electron Coefficient 

for H', H2+, He', 0' on Mo 

ENERGY (keV) 



a Clean  Mo Surface at brm1  Incidence 

..._ ...- ...........,-I_.- ........ 111 

2 5  0.7 E-02 1.6 E-02 3.2 E-02 
50  0.8 E-02 1.7 E-02 3.4 E-02 

100 1 . 1  E-02 2.1 E-02 3.7 E-02 
150 1.5 E-02 2.5 E-02 4.3 E-02 
3.00 2.0 E-02 3.1 E-02 4.8 E-02 
3 00 3.0 E-02 4.2 E-cl2 6.1 E--3% 
4 00 4,1 E-02 5.3 E-n2 7.3 E--02 

Accuracy: Unknown. 

Notes: Curve l a b e l l c d  yg i s  f o r  iilcfdet?t O,-t- i n  the ground electronic 
s tatp;  y i  is  f o r  02' lil a udxture of electronic states; and y 
is t lw calculated coefficient for Oz+ in t l a r  a?IU state. 

* 
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Secondary Electron Coefficient 

Bombarding o Clean Mo Surface 
for Excited St 

200.0 300.0 400.0 
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T y p i c a l  Energy D i s t r i b u t i o n s  of  Secondary E l e c t r o n  

Emission C o e f f i c i e n t s  by Hef on a Clean Mo Surface  a t  Normal Inc idence  

Energy 
( e V >  2 keV 5 keV 10 keV 15 keV 

0.2 
0.4 
0.6 
0.8 
1 .o 
1.2 
1.4 
1.6 
1.8 
2.0 
2.5 
3 .O 
4.0 
6 -0 
8 .O 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
22.0 

1.0 E-01 
2.6 E-01 
4.6 E-01 
6.0 E-01 
7.2 E-01 
8.3 E-01 
9.3 E-01 

9.9 E-01 
9.6 E-01 
8.2 E-01 
7.1 E-01 
5.0 E-01 
2.5 E-01 
1.3 E-01 
7.0 E-02 

1.0 E 00 

9.0 E-02 
2.0 E-01 
4.0 E-01 
5.5 E-01 
6.8 E-01 
8.0 E-01 
9.9 E-01 
1.0 E 00 
1.0 E 00 
9.9 E-01 
9.1 E-01 
8.1 E-01 
6.3 E-01 
4.2 E-01 
2.7 E-01 
1.8 E-01 
1.1 E-01 
7.0 E-02 
5.0 E-02 
3.0 E-02 
2.0 E-02 
1.0 E-02 

6.0 E-02 
2.0 E-01 
3.6 E-01 
5.5 E-01 
6.8 E-01 
8.0 E-01 
9.1 E-01 
9.9 E-01 
1.0 E 00 
9.9 E-01 
9.0 E-01 
8.1 E-01 
6.6 E-01 
4.6 E-01 
3.2 E-01 
2.1 E-01 
1.5 E-01 
1.0 E-01 
8.0 E-02 
5.0 E-02 
4.0 E-02 
3.0 E-02 

1.0 E-01 
2.6 E-01 
4.1 E-01 
5.7 E-01 
7.0 E-01 
8.2 E-01 
9.2 E-01 
9.9 E-01 
1.0 E 00 
9.9 E-01 
9.3 E-01 
8.3 E-01 
6.7 E-01 
5.0 E-01 
3.6 E-01 

1.8 E-01 
1.3 E-01 
1.0 €3-01 
7.0 E-02 
6.0 E-02 
4.0 E-02 

2.6 E-01 

References:  G. Wehner, Z. Phys. 193, 439 (1966). 

Accuracy: 1110%. 

-. 

Notes: (1)  All d i s t r i b u t i o n s  normalized t o  one a t  t h e  maximum 
emission.  
( 2 )  For metall ic s u r f a c e s  the maximum energy of t h e  e l e c t r o n s  
e j e c t e d  from t h e  s u r f a c e  i s  approximately 25-30 eV. 
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1.0 

0.9 

0.8 

0.7 

0.6 

We 
0.5 

z 
W 

0.4 

0.3 

0.2 

0.1 

0.0 

Typical Energy Distributions of Secondary 
Emission by Atomic Particles Impact on Metal 

Surfaces (He' on Mo) 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.024.0 
ELECTRON ENERGY (eV) 
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Energy D P s t r i  butions of Secondary Elecersns 

Ejec ted  by 40,  200, and PO00 eQ 24~’ 

Ions Incident: m i  .? Clean W Surface 

. .........-. ” _a___.l.......... -.,.. _.--- -. 

Energy 
(k.eV) 40 eV 200 e V  1000 eY 

0 
0.25 
0.5 
0.75 
1.0 
1.5 
2.0 
3.0 
4.0 
5.0 
6.0 
8.0 

10.0 
12.0 
14,O 
16.0 
18.9 
20.0 

h - 4  E-03 
6.3 H - 0 3  
8.0 E-03 
9.5 e-c3 
1.6 E 4 2  
1.3 E--02 
1.5 E-02 
1.9 E-02 
2 .3  E 4 2  
2.4 E-03 
2.5 E-32 
2.5 E - 8 2  
2.3 5-02 
1.5 E-07 
3.4 E-03 
3.7 E-04 
2.0 E-04 

8.0 E-03 
1.0 H.-02 
1.2 E-02 
1.3 E-02 
1.4 PZ-02 
1.6 E-02 
1.8 E--02 
2.0  E-02 
2.1 1.:-02 
2.3 E-02 
2.3 E-02 
2.1 E-02 
1.8 E.-02 
1.3 E-02 
5.4 E-03 
1.4 h-03 
5.6 E-04 
2.3 E-04 

9.0 E-03 
1.9 E 4 2  
2.4 E-02 
2.4 E--32 
2.5 E-32 
2.5 E-02 
2.5 E-0% 
2.3 E-02 
2.2 E--02 
2.0 E-02 
1.9 E-02 
1.6 E-02 
1.3 E-C2 
1.0 E-G2 
6.8 E-03 
3.2 E-03 
1.2 E-03 
6.0 E--04 
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... 

0.030 

0.025 

0.020 

n > 
c 

0.015 '4 

Z" 

I 

W 
Q, 

0.010 

0.005 

0.000 

Energy Distribution of Secondary Electrons 
Ejected by 40, 200, and 1000 eV He' Ions 

I ncident on Clean W 
1 I I I 1 

SOLID He' 40 eV 
DASH He' 200 eV 
CHNDOT He' 1000 eW 

-5.0 0.0 5.0 10.0 15.0 20.0 25.0 

ELECTRON ENERGY (eV> 
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Secondary Elec t ron  Emission Coef f i c i en t  f o r  

1 0 0  keV F?, H2+, and H3+ as a Function of 

t h e  A t o m i c  Number of a Clean Target  

Z H2+ H3+ 

2 0  
3 0  
4 0  
5 0  
6 0  
7 0  
80  

1.25 2.24 2.75 
1.50 2.61 3.35 
1.72 2.96 3.84 
1.90 3.36 4.17 
1.98 3.41 4.28 
2.05 3.47 4.33 
2.08 3.48 4.40 

References : U. A. Arifov and R. R. Rakhimov, Bull. Acad. Sci.  U.S .S .R . ,  
Phys. Ser. 2 4 ,  266 ( 1 9 6 0 )  [Mo, Ta,  and W]; G. D. Magnuson 
and C. E. G l s t o n ,  Phys. Rev. - 1 2 9 ,  2403 ( 1 9 6 3 )  [Al, N i ,  
C u ,  Z r ,  Mop and T i ] ;  L. N. Large and W. S. Whitlock, Proc. 
Phys. SOC. (London) I 7 9 ,  148 ( 1 9 6 2 )  [ T i ,  N i ,  Cu, Z r ,  Mo, Ag, 
A u ,  and P t ] ,  

Accuracy: +25% 
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.... 

Secondary Electron Coefficient 
for 100 keV H', H,", and H,' as Q Function of 

the Atomic Number of a Clean Target 

CHNDOT H,* 

- - - - - - - - - -  / # *+- . r . 
c c . /. . I 

/. / /  / 

I 
I 

I 
I 

/ 
I 

0 10 20 30 40 50 60 70 80 90 
Z (target) 
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Secondary Elec t ron  EnfssPorn Coef f i c i en t s  as a Function 

of the Angle between a 120 keV Proton B e a m  

and a Clean Ni Target 

Angle Secondary Emission Coef f i c i en t  
(de%. 1 ( e l e c t r o n s  ,I i o n )  

2 1  
30 
40 
50 
6 0  
70  
80 
90 

4.5 
3.1 
2.4 
2.0 
1.8 
1.7 
1.6 
1.6 

Reference: J. S. Allen,  Phys. Rev, 55, 336 (1939). - 
Accuracy Unknown 

Notes : (1) For a l l  p r o j e c t i l e - t a r g e t  combinations t h e  secondary 
emission c o e f f i c i e n t  decreases  as the angle  between p r o j e c t i l e  
and targer. increases .  
( 2 )  Allen’s d a t a  are normalized a t  120 keV t o  the d a t a  given by 
L. N. h r g e  and W. S. Whitlock, Proc. P’nys, SOC. 79, 148 (1962). - 
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. .-.. 

Secondary Electron Coefficient for 

H' on Ni as a Function of Angle 

I 1 I I I I - 

\ 

I I I I I I 
I 

20 30 40 50 60 70 80 90 
ANGLE (DEGREES) 

.- . ...... 
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T i m e  t o  Build Up a N2 Monolayer on a Previously 

Clean Surf ace a t  Room Temperature 

1.0 E-12 
1.0 E-11 
1.0 E-10 
1.0 E-09 
1.0 E-08 
1.0 E-07 
1.0 E-06 
1.0 E-05 
6.0 E-05 

2.0 E 06 
2.6 E 05 
3.5 E 04 
5.0 E 03 
6.7 E 02 
9.3 E 01 
1.3 E 01 
1.6 E 00 
3.8 E-01 

Reference: K. H. Krebs, Fortschr .  Phys- 16,  419 (1968).  
_I 

Accuracy : Unknown. 

Notes: (1) Values are computed. 
( 2 )  The th ickness  of a monolayer of N2 i s  approximately 4 A 
which i s  comparable t o  the  pene t r a t ion  depth of atomic p a r t i c l e s  
i n  the. lower keV region. 
( 3 )  
a monolayer is  -30 minutes. 

Note that  at a pressure  of loe9 mm Hg the  bu i ld  up t i m e  of 
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ioo 

Time to Build a N, Monolayer 

at a Previously Clean Surface 
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Changes i n  t he  Secondary Elec t ron  h i s s i o n  When 

a Titanium Surface i s  Completed Outgassed. 

H+ and H2+ Normally Inc ident  OR T i  

Energy Gassy Degassed 

(keW H+ H2+ H+ H2+ 

30 3.62 5.03 0.94 1.32 
40 3.72 5.28 1.00 1.58 
60 3.90 5.70 1.08 1.86 
8 0  4.01 6.12 1.12 2.13 

100 3.98 6.48 1.12 2.30 
120 3.86 6.66 1.11 2.41 
130 3.75 6.78 1.10 2.48 

Reference: L. N. Large, Proc. Phys. Soc. (London) 81, 175 (1963). 

Accuracy : Unknown. 

I 

Notes: (1) The upper two curves were obtained from a T i  su r f ace  a f t e r  
exposure t o  a i r  a t  atmospheric pressure  f o r  six months. 
(2) The two lower curves were obtained a f t e r  degassing i n  a 
background p res su re  of lo-* mm Hg. 
f l a s h i n g  t o  1300°C. 

The Ti  t a r g e t  w a s  cleaned by 
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9.0 

8.0 

7.0 z 
0 

ge  6.0 
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Secondary Electron Coefficient 
for H' and H,' on a 

Degassed Ti Surface 
1 I 1 I I I 

SOLID H' DEGASSED 
DASH H," DEGASSED 
CHNDOT H' EXPOSED 
DOT t i 2 '  EXPOSED 

I 1 I I 1 1 

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 

ENERGY (keV) 
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The Effect of t he  Secondary E lec t ron  Emission Coef f i c i en t  

on t h e  Degassing Technique. Hf Normally Inc ident  on Mo 

Energy Chemically 
(keW E t  chea 

Baked a t  
4OOOC 

Flashed bo 
175OOC 

15 
20 
3 5  
4 0 
60  
80  

100 
120 
125 

4.55 E 00 
4.59 E 00 
4.74 E 00 
4.80 E 00 
4.78 E 00 
4.72 E 00 
4.69 E 00 

2-38  E 00 
2.44 E 00 
2-69 E 00 
2.82 E 00 
2 -81  E 00 
2.71 E 00 
2.67 E 00 

1.02 E 00 
1.06 E 00 
1.22 E 00 
1.28 E 00 
1.42 E 00 
1.53 E 00 

1.51 E 00 
1.50 E 00 

1.56 E 00 

Reference: L. N. Large and W. S .  Whitlock, Proc. Phys. Soc. (London) 
7 9 ,  148 (1962) .  - 

Accuracy : Unknown. 

Notes: T a r  e t s  were heated and f lashed  i n  a vacuum of approximately 
10-5 rmn Hg. 
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Secondary Electron Coefficient 
for H" on Mo with Different 

Degassing Techniques 

SOLID CHEMICALLY ETCHED 
DASH BAKED A T  450 ' C  

CHNDOT FLASHED TO 1750 OC 

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 
ENERGY (keV) 
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Secondary Elec t ron  Emission Coeff ic ien t  f o r  Cnf (n+ = 4-6) 

on Gas Covered Cu a t  High Energies 

c4+ c 5+ C6+ 

5 0  
6 0  
7 0  

100 
2 00 
3 00 
385 
4 00 
4 70 
5 00 
6 00 

5.35 
5.50 
5.65 
6.00 
7.08 
7.98 
8.70 

6.00 
6.15 
6.50 
7.75 
8.80 
9.58 
9.70 

10.20 

7.10 
7.52 
8.90 
9.92 

10.55 
10.70 
11.20 
11.45 
12.10 

Reference: R. Decoste and B. H. Ripin,  J. AppP. Phys. 50, 1503 (1979). 
c 

Accuracy : 510%. 

Note: (1) Since the  ion  k i n e t i c  energy i s  much g r e a t e r  than the  
multicharged ion  p o t e n t i a l  energy, t h e  k i n e t i c  emission dominates 
t h e  p o t e n t i a l  emission. 
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...r .... 

Secondary Electron Coefficient 
for C"' Ions (n=2-6) on Gassy 

Cu at High Energies 
I I 1 I 1 

SOLID C" 

DASH C5' 
CHNDOT C4' 

0.0 100.0 200.0 300.0 400.0 500.0 600.0 

ENERGY (keV) 
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Secondary Elec t ron  Fmission Coef f i c i en t s  by Impact of A l  

Multicharged Ions on Gas Covered Au a t  Low Impact Energies 

n 
Secondary Emission Coeff ic ien t  

( e l e c t r o n s  / i on) 

0.65 
1.35 
2.52 
4.22 
6.35 
8.60 

11.00 
13.50 
16.00 

Reference: G. L. &no, J. Appl. Phys. - 4 4 ,  5293 (1973). 

Acc.uracy: 110% (es t imated) .  

Notes: (1) n i s  the  ion  charge state.  
( 2 )  Data were obtained over t he  inc iden t  1-6 keV energy range. 
I n  t h i s  energy region the  c o e f f i c i e n t  i s  p r a c t i c a l l y  independent 
of the  energy. The observed inc rease  i n  t h e  c o e f f i c i e n t  with n 
results from p o t e n t i a l  em€ssion. 
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16.0 
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0.0 

Secondary Electron Coefficient 
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Rat ios  of the  Number of Secondary Electrons from 

Ho t o  t h a t  of Kt- Impact  on Gas Covered and 

Clean Surfaces a t  Normal Incidence 

Energy HO/H+ HO/H+ HO/H+ HO/H+ 

(keV) Gassy Clean N i  Clean Al Clean Ag 

3.0 E-02 
6.0 E-02 
1.0 E-01 
2.0 E-01 
4.0 E-01 
7.0 E-01 
1.0 E+OO 
2.0 E+00 
4.0 E+OO 

1.0 E+O1 
2.0 E+O1 
4.0 E+O1 
7.0 E N 1  
1.0 Ei-02 
2.0 E+02 
4.0 E+02 
7.0 Ei-02 
1.0 E+03 

7.0 E+OO 

1.18 
1.18 

1.18 
1.18 
1.18 
1.18 
1.18 
1.18 
1.18 
1.18 
1.18 
1.18 
1.19 
1.21 
1.33 
1.47 
1.55 
1.65 

1.18 

0.37 
0.45 
0.60 

0.29 
0.38 
0.55 

0.24 
0.34 
0.54 

References: Gassy - C. I?. Barnet t  and J. A. Ray, Rev. Sci. Instrum. 43, - 
~ m 1 9 7 2 )  [Cu]; C, F. Barnet t  and H. K. Reynolds, Phys. Rev. 
109, 355 (1958) [ b r a s s ] ;  R. Dagnac, D. Blanc, and D. Molina, 
J. Phys. B 3 ,  1239 (1970) [CuO-Be]; R. L. Fi tzwi lson  and E. W. 
Thomas, Rev';- Sci. Instrum. 42, 1864 (1971) [Ni l ;  M. W. &is,  
K. A. Smith, and R. D. Kundx, J. Phys. E,  8, 1011 (1975) 
[Ag]; A. I. Kislyakov, J. Stockel  and K. Jarubka, Sov. 
Phys.-Tech. Phys. 20, 986 (1976) [ A l ,  Cu, Mol;  F. W. Meyer, 
unpublished [ S S ] ;  J. A. Ray, C. F. Barne t t ,  and B .  Van Zyl, J. 
Appl. Phys. 50, 6516 (1979) [Cu]; L. E. Sharp, L. S .  Holmes, 
P .  E. S t o t t , Y n d  D. A. Aldcroft ,  Rev. Sci. Instrum. 45, 378 
(1974) [ A l l ;  K. A. Smith, M. D. Duncan, M. W. &is, G d  R. D. 
Rundel, J. Geophys. Res. 81, 2231 (1976) [Ag] ;  P. M. S t i e r ,  C. 
F. Barne t t ,  and G. E. Eva=, Phys. Rev. 96, 973 (1954) [Nil .  

- 

- 

- 
Clean-Ni - Al, and Ag: K. Morita,  H. Akimune, and T. Sui t a ,  
Jap. J. Appl. Phys. - 5, 511 (1966). 

Accuracy : t20% 

Notes: For a "gassy" su r face  the  r a t i o  of t he  secondary e l e c t r o n  emission 
of Ho t o  that  of H+ i s  t o  with in  L20% f o r  a l l  those metall ic sur-  
f a c e s  ind ica t ed  i n  brackets  i n  t h e  re ference  l i s t .  The i n t e r p r e t a -  
t i o n  of e l e c t r o n  emission from a gassy su r face  i s  t h a t  the  gas 
coverage dominates the  emission process.  
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Ratios of the Number of Secondary Electrons 
from Ho to that of H' Impact on Gas Covered 

and Clean Surfaces at Normal Incidence 
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Rat ios  of the Number of Secondary Electrons from 

Normally Incident  H- and 0- t o  that  of e and 0' 

on Gas Covered and Clean Meta l l i c  Surfaces 

4,O E-02 
5.0 E-02 
7.0 E-02 
1.0 E-01 
2.0 E-01 
4.0 E-01 
5.0 E-01 
7.0 E-01 
1.0 E+QO 
2.0 E+00 
4.0 E+OO 
7.0 E+OO 
1.0 El-01 
2.0 E+O1 
2.8 E+01 

7.3 
6.3 
5.0 
4.0 
2.8 
2.2 
2.08 
1.9 
1.8 
1.7 

0.06 
0.20 
0.26 
0.39 
0.55 
0.84 
1.05 
1.10 
1.13 
1.22 
1.27 

1.55 
1.40 
1.28 
1.14 

0.10 
0.14 
0.20 
0.32 
0.54 
0.74 
0.82 
0.85 
0.90 
0.91 

wferences: K/H+ -. gassy - J. A. b y ,  C. P .  b r n e t t ,  and 8. Van ~ y l e ,  
J. Appl.  Phys. SO, 6516 (1979) [ C U I ;  F.  W. &yes, 
unpublished S S ~  

GuilLand, J. Phys. D 2 ,  441 (1969) [ W ] ;  P. Mahadevan, G. D. 
Magnuson, J. K. XdlytoTp and C, E. Car l s ton ,  Phys. Rev. 140, 
A1407 (1965) [I%]. 
O-/O+ - gassy - P. Mahadevan, @. D. Magnuson,J. K. Layton, 
and C, E .  Car ls ton ,  Phys. Rev. 140, A1407 (1965) [Mol. 
O-/O+ - c lean  - Po Mahadevan, G. D. Magnuson, J. K. b y t o n ,  
and C. E. Carlston, Phys. Rev- 140, A1407 (1965) [Mol; M. 
PerdrPx, s. P a l e t t o ,  R. @autte, and C. Guilland, J. Phys. D 

- c lean  - M. P e r d r i x ,  S .  Paletto, R. Caut te ,  and C. 

____ 

- 
- 

- 2 ,  441 (1963) [Mol. 

Accuracy: +20% (es t imated) .  
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Ratios of the Number of Secondary Electrons 
from Negative Ions to that of Positive lons Impact 

on Clean and Gas Covered Surfaces (Normal Incidence) 
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Rat ios  of the  Number of Secondary E lec t rons  from 

Normally Inc ident  Helium Atoms t o  t h a t  of He Ions 

on Gas Covered and Clean Metallic Surfaces  

R a t i o  
He /He+ HeO/He+ 
(gassy) ( c l ean )  

5.0 E-02 
7.0 E-02 
1.0 E-01 
2.0 E-01 
3.0 E-01 
4.0 E-01 
7.0 E-01 
1.0 E+O0 
2.0 El-00 
4.0 E+00 
7.0 E+OO 

2.0 El-01 
4.0 El-01 
7.0 E+O1 
1.0 E+02 
2.0 Ei-02 

1.0 E+O1 

0.037 
0.11 
0.28 
O e 6 6  
0.80 
0.87 
0.95 
0.97 
1.02 
1.07 
1.10 
1.10 
1.10 
1.10 
1.09 
1.07 
1.05 

0.06 
0.11 
0.25 
0.36 

0.84 
0.58 

References:  Gassy - H. W. Berry, J. Appl. Phys. 29, 1219 (1958) [ W ] ;  
M. W. &is, K. A. Smith, and R. D. =del, J. Phys. E 8 ,  
1011 (1975) [ A g ] ;  H. C. Hayden and N. G. Ut terback,  Phys. 
Rev. 135, A1575 (1964) [Au]; J. K. Iay ton ,  J. Chem. Phys. 
59, 5744 (1973); A. Rostagni,  Z.  Physik 88, 55 (1934) [Cu, 
Brass ] ;  P. Ef. S t i e r ,  C. I?. Barnet t ,  and G. E, Evans, Phys. 
Rev. 96, 973 (1954) [ N i l ,  
Clean: H. W. Berry,  J. Appl. Phys. 29, 1219 (1958) [W]. 

_.__ 

- 

- 
Accuracy: k20X (es t imated)  e 
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B a c k s c a t t e r i n g  C o e f f i c i e n t s  f o r  E l e c t r o n s  

I n c i d e n t  Normally on C, Al, Ti, and Fe 

6.0 E-Q2 
1.0 E-01 
2.0 E-01 
4.0 E-01 
7.0 E-01 
1.0 E 00 
2.0 E 00 
4.0 E 08 
7.0 'E: 00 
1.0 E*(31 
2.0 E4-01 
4.0 E f Q l  
6,O E+Ol 

1.23 E-01 
1.43 E-01 
1.49 E-01 
1.45 E-01 
1.20 E-01 
9.63 E-02 
8.16, E-02 
7.49  E-02 
6.43  Is-02 
5.68 E-02 
5.39 E-02 

1.20 E-01 
1.78 E-01 
2.22 E-01 
2.31 E-01 
2.31 E-01 
2.31 E-01 
2.21 E-01 
1.96 E-01 
1.76 E-01 
1.55 E-01 
1.50 E-01 

2.11 E-01 
2,06 E-01 
2.11 E-01 
2.54 E-01 

2.59 E-01 2.84 E-01 
2.62 E-01 2.93 E-01 
2-59 E-01 2.86 E-01 
2952 E-01 2.77 E-01 
2.40 E-01 2.66 E-01 

References: e f C - J. Hb'l.zl and K, Jacobi, Surf .  Sci. 14,  351 (1969);  
N. J, Hunger and L. Kuchler,  Phys. S t a t .  S o r  (a) 56, K 4 S  
(1979);  G. Meubert and S .  Fbgaschewski, Phys, S t a t .  Sol. 

- 
(a> 59, 35 (1980); W. Sdrensen and J. Scho;, J. Appl. Phys. 
43, -11 (1978).  - 
e 4- Al - G, Neubert and S .  bgaschewski, Phys. S t a t .  Sol. 
'(a), 35 (1980); K, E. Bishop, in "0ptique des  Rayons X 
e t  MIroanalyse, 
des Rayons X et la  Mcroanalyse,'" Sept.  1955, p. 153, 
Herman, P a r i s ;  S. Thomas and E, IB, Pattinson, J. Phys. D: 
Appl. Phys. - 2, 1539 (1969). 

IV &ngr& International sur lf optique 

e 4. Ti - H. J. Hunger and L. Kuchler,  Phys. S t a t .  Sol. (a) 
56, K45 (1979). 
__. 

e + Pe - H. J. Hunger and L. Kuchler,  Phys. S t a t .  Sol. (a> 
56, K45 (19?9);  E .  3. Ste rng la s s ,  Phys. Rev. 9 5 ,  345 

c 

7 7 9 5 4 ) .  

Accuracy: Unknown. 
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Backsca t te r ing  Coef f i c i en t s  f o r  Elec t rons  

Inc iden t  Normally on Ni, Cu, and Mo 

Backsca t te r ing  Coeff ic ien t  
( e l e c t r o n s / e l e c t r o n )  

Energy 
(keV) Ni cu Mo 

2.0 E-01 
4.0 E-01 
5.0 E-01 
7.0 E-01 
1.0 E 00 
2.0 E 00 
2.2 E 00 
4.0 E 00 
7.0 E 00 
1.0 E+OB 
2.0 E+Q1 
4.0 E-t-01 
7.0 E+-01 
1.0 Et-02 

2e62 E-01 
2.62 E-01 
2.66 E-01 
2.82 E-01 

2.91 E-81 2,92 E-01 
2.98 E-01 3.15 E-01 
3.04 E-81 3-22 E-01 
3.06 E-01 3.23 E-01 
3.02 E-01 3.18 E-01 
2.92 E-01 3-09  E-01 

2.99 E-01 
2.92 E-01 

1.40 E-01 
1 .73  E-01 
1.88 E-01 
2.07 E-01 
2.30 E-01 
2.87 E-01 
2.97 E-01 
3.36 E-01 
3.69 E-01 
3.84 E-01 
3.94 E-01 

References: e + Ni - H. J. Hunger and L. Kuchler, Phys. S t a t .  Sol .  (a> 
56, K45 (1979); P. P a l l u e l ,  Colnptes Wendus 224,  1492 
(1947) e 
- _I 

e + Cu - H. J. Hunger and L. Kuchler, Phys. S t a t ,  Sol ( a )  
56, K45 (1979); P. P a l l u e l ,  Comptes Rendus - 224, 1492 
(1947);  E. J. S ternglass ,  Phys. Rev. - 95, 345 (1954). 
- 

e -t- Mn - H. E. Bishop, ““Optique des Rayons x e t  
Micraanalyse,  I‘ IV CongrGs I n t e r n a t i o n a l  s u r  l ’op t ique  des 
Rayons X et La Microanalyse, p. 153, Herman, Pa r i s  (1965); 
P. P a U u e l ,  Comptes Rendus - 224, 1492 (1947); E. J. 
S te rng la s s ,  Phys. Rev. - 95, 345 (1954). 

Accuracy:: 15% above 5 k V ;  520% below 5 keV (est imated) .  
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Backscacterbng Coeff icPents  for Electrons 

I n c i d e n t  Normally on Ag, W ,  and A*p 

Backscattering & e f f i c i e n t  
(e l ec t rons  / e  lect rons ) 

Energy 
(keV3 -k w Au 

7.0 E-02 
1.0 E-01 
2.0 E-01 
4.0 E-01 
7.0 E-01 
1.0 E 00 
2.0 E 00 
4.0 E 00 
7.0 E 00 
1.0 E+O1 
2,O E-t.01 
4.0 E-t.01 
7.0 Ef0I 

1.49 E-01 
2.59 E-01 
3.60 E-01 
4.05 E-01 
4.13 E-01 
4.13 E-01 
4.13 E-01 
4.12 E-01 
4.11 E-01 
4.11 E-01 
4.10 E-01 
4.09 E-01 

1.88 e-01 
1.91 E-01 
1.99 E-Ql 
2.77 E-Ql 
3.74 E-01 
4.13 E-01 

3.56 E-01. 4 s50  E-01 
4.15 E-01 4.59 E-01 
4.48 E-01 4 - 6 6  E-01 
4.57 E-01 4.72 E-Ql 
4.76 E:--Ol 4.81 E--01 
4.75 &-(I1 4.85 E-01 

References:  e -6 Ag .- I I .  E. Bishop, “Optique des Rayons X et 
m%T%%-naJ-yse, 
Kayons X et la Microanalyse, p. 153, Herman, P a r i s  (1965) ;  
H. J. Hunger and L. Kuchler,  Phys. S a t .  S o l  (a) 56,  K45 
(1979) ;  G. Netnbert and S. Rogaschewski, Phys. S t x .  s o l .  
(a) 59,  35 (1980) ;  S. Thorns and E. B. P a t t i n s o n ,  J. Phys. 
D:  &<le Phys, 3, 349 (1969) .  

e I- Au - H. J. thnnger and L. KGchler, Phys. Sat. Sol. (a) 
56,  K45 (1979) ;  J. Schou and H. S renson, J. Appl. Phys, 
G, 816 (197’8); S. Thomas and E. B. Pattinson, 3. Phys. D: 
Appl. Phys. 3 ,  349 (1969).  

e t W - H. J. Hunger and L. Kuchler, Plhys. Sat. Sol. (a) 
5 6 ,  K45 (1979). 

1[V Congr& International sur l‘optique des 

- 
~ - . _ _ _  

- 
I 

_I 
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Backscat ter ing Coef f i c i en t s  f o r  E l e c t r o n s  Tncident 

Normally on a "Gassy" and "Degassed" TIC Surface 

Backscat ter ing Coeff ic ien t  
( e l e c t r o n s / e l e c t r o n )  

Gassy Degassed 

0.10 
0.15 
0.20 
0.30 
0.40 
0.60 
0 .BO 
1.00 
1.20 

2.50 E-01 
2.88 E-01 
3.00 E-01 
2.92 E-01 
2.89 E-01 
2.92 E-01 
2.95 E-01 
2.95 E-01 
2.96 E-01 

9 . 6 4  ,E-02 
1.58 E-01 
1.91 E-01 
2.17 E-01 
2.38 E-01 
2.56 E-01 
2.64 E-01 
2.64 E-01 
2.64 E-01 

Reference: S .  Thomas and E. B. Pa t t inson ,  J. Phys. D 2,  1539 (1969).  
s 

Accuracy : IJnnknawn. 
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Backscat ter ing Coeff ic ien ts  f o r  20, 40, and 60 keV 

Elec t rons  Incident  on T i  as a Function of tangle 

Between the  Inc ident  Elec t rons  and the  Normal t o  the  Surface 

Backscat ter ing Coeff ic ien t  
( e l e c t r o n s / e l e c t r o n )  

Angle 
(deg 1 20 kev 40 keV 60 keV 

0 
1 0  
20 
30  
40 
50 
60  
9 0  
8 0  

2.63 E-01 
2.69 E-01 
2.87 E-01 
3.16 E-01 
3.60 E-01 
4.19 E-01 
4.96 E-01 
5.95 E-01 
7.29 E-01 

2.52 E-01 
2.58 E-01 
2.76 E-01 

3.51 E-01 
4.10 E-01 
4.89 E-01 
5.87 E-01 
7.21 E-01 

3.06 E-01 

2.46 E-01 
2.51 E-01 
2.69 E-01 
3.00 E-01 
3.45 E-01 
4.05 E-01 
4.83 E-01 
5.87 E-01 
7.15 E-01 

Reference: G. Neubert and S. Rogaschewski, Phys. S t a t .  Sol. (a) 59,  35 - 
( 1980).  

Accuracy : Unknown. 



D - 1 1  

Backscattering Coefficients for 20, 40, and 6,O keV 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

Electrons Incident on Ti os Q Function 
of t he  Incident Angle 

1 I 1 I 1 I 1 I 

SOLID 20 keV 

DASH 4 0 k e V  

CHNDOT 60 keV 

1 1 1 I I I 1 I 

0 10 20 30 40 50 60 7 0  80 90 

INCIDENT ANGLE (DEGREES) 







E-2 

Particle Reflection from Surfaces 

Introductorv Notes 

A.  Definition of Quantities 

1. R.. Particle reflection coefficient 

Ratio of total backscattered flux (integrated over all angles and 
energies) to total incident flux. Specifically if a projectile beam of energy 
Eo falls on a target, and a fraction r(E ,E)dE is scattered back with energies 
in the interval E -+ E + dE (integrated o&r all emergent angles) then 

n 

2. & Energy reflection coefficient 
Y 

Ratio of integrated energy of backscattered particles to energy of 
incident projectiles. 

W 
1 &o 

= E I, E. r(E , E ) d E  
0 

0 
- 

3. E Mean backscattered energy 

Average energy of backscattered particles. 

i T  4 .  N /N charge state fraction 

For recoils at some e_pergg E the ratio of the f l u x  N 

-- 
i in chargeTstate i 

(e.g., i = +, 0 o r  - f o r  H , H or H ) t o  the total scattered f lux N at that 
energy. 

B. Scaling L a w s  

It has generally been found that particle o r  energy reflection 
coefficients (RN and RE> are the same for most projectile-target combinations 
when plotted as a function of "reduced energy" E ,  where 

32.5 A2 E 
E =  

2'3) (Al + A2)Z1 Z2 



E-3 

Here Z1 and Z2 are t h e  atomic numbers of t h e  p r o j e c t i l e  and t a r g e t ;  Al and A2 
are t h e  masses of t h e  p r o j e c t i l e  and t a r g e t ;  and E i s  t h e  p r o j e c t i l e  energy 
( i n  keV). [See,  f o r  example, J. Schou e t  a l . ,  J. Nucl. Mater. 76 and 77, 359 
(1978).] f o r  r a n d  T 
us ing  a v a i l a b l e  d a t a  f o r  H o r  H e .  It may be used ,  w i th  some cau t ion  t o  s c a l e  
between d i f f e r e n t  t a r g e t  material .  

This equat ion  may be used t o  r e l i a b l y  estimate % o r  

A more complete (and more r e l i a b l e )  s c a l i n g  technique involv ing  the  above 
f e a t u r e  i s  t o  be found i n  work by Tabata [T. Tabata e t  a l . ,  Jap.  J. Appl. 
Phys. - 20, 1929 (1981). 

C .  Major Data Compendia 

1. "Data on t h e  Backsca t te r ing  C o e f f i c i e n t s  of Light Ions from So l ids , "  
T. Tabata e t  a l . ,  IPPJ-AM-18 ( I n s t i t u t e  of Plasma Phys ics ,  Nagoya, 
Japan) .  1981 

2. "Data on Light  Ion Ref l ec t ion , "  W. Ecks te in  and H. Verbeek, IPP 9/32 
( I n s t i t u t e  f u r  Plasmaphysik, Garching, Germany). 1979 

D. Data P r e s e n t a t i o n  

In Figs .  5.4 and 5.5 w e  d i s p l a y  a compendium of % values  f o r  a v a r i e t y  
of elements as a func t ion  of reduced energy E. The o b j e c t i v e  i s  t o  i l l u s t r a t e  
t h e  success  of s c a l i n g  a g a i n s t  reduced energy E .  

Subsequent d a t a  t a b l e s  shown p a r t i c l e  and energy r e f l e c t i o n  c o e f f i c i e n t s  
f o r  va r ious  p r o j e c t i l e  t a r g e t  combinations.  Samples of d a t a  on RN and 9 

angular  i s t r i b u t i o n s ,  energy d i s t r i b u t i o n s  and charge s t a t e  d i s t r i b u t i o n s  are 
shown a t  t h e  end. 
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Part ic le  Ref l ec t ion  Coef f i c i en t s  (RN) f o r  

E?, D+, and He+ Inc ident  on C 

(normal inc idence ,  room temperature)  

RN 
(H+ on C) 

RN 
(D+ on C) 

RN 
(Hef on C) 

1.0 E-02 
2.0 E-02 
4.0 E-02 
6.0 E-02 
1.0 E-01 
2.0 E-01 
4.0 E-01 
6.0 E-01 
1.0 EfOO 
2.0 E+OO 
4.0 E+OO 
6.0 E+OO 
1.0 E+O1 
2.0 E+O1 
4.0 E+O1 
6.0 El-01 
1.0 E+-02 

4.56 E-01 
4.13 E-01 
3.64 E-01 
3.31 E-01 
2.87 E-01 
2.23 E-01 
1.59 E-01 
1.25 E-01 
8.73 E-02 
4.83 E-02 
2.33 E-02 
1.42 E-02 
7 - 0 1  E-03 
2.31 E-03 
6.27 E-04 

3.29 E-01 
2-75 E-01 
2.36  E-01 
2.16 E-01 
1.93 E-01 
1.59 E-01 
1.23 E-01 
1.02 E-01 
7.60 E-02 
4.56 E-02 
2.34 E-02 
1.46 E-02 
7.02 E-03 
2.43 E-03 
5.84 E-04 

1.07 E-01 
8.71 E-02 
7.61 E-02 
7.20 E-02 
6.83 E-02 
6.44 E-02 
6.02 E-02 
5.71 E-02 
5.23 E-02 
4-38 E-02 
3.36 E-02 
2.74 E-02 

1.14 E-02 
5.49 E-03 
3.29 E-03 
1-56 E-03 

1.99 E-02 

References:  $ and D+ P r o j e c t i l e s :  
IPP 9/32, MPI a r c h i n g ,  August 1979 t o  10 keV); T. 

W. Ecks te in  and H. Verbeek, Report 

Tabata et  a l . ,  Report IPPJ-AM-18, IPP Nagoya, October 1981 
( 10-40 keV) . 
He+ P r o j e c t i l e s :  
Nagoya, October 1981. 

T. Tabata e t  a l . ,  !&port IPPJ-AM-18, I P P  

Accuracy: Unknown, -- 
Notes: (1) €I?; D+. These d a t a  are based p r imar i ly  on computer models 

by the  T R I M  and W L O W E  codes. Experimental  da t a  confirm these  
codes adequately ( t 2 5 % )  a t  ene rg ie s  above 1 keV. A t  lower ener- 
g i e s  t h e r e  i s  recent  experimental  da t a  [E. W. Thomas and 
M. Braun, J. Appl. Phys. 53, 6446 (1982)l  f o r  D+ t h a t  l i e s  above 
t h e  ca l cu la t ed  values  by as much as 100% a t  30 eV. 
crepancy may be r e l a t e d  t o  the  low dens i ty  form of C used i n  t he  
experiments (Papyex). It is  suggested t h a t  t h e  da t a  reproduced 
h e r e  be used f o r  high dens i ty  forms of C. 

This d i s -  

( 2 )  
t h e r e  i s  no experimental  confirmation. 

For He+ t hese  values  from from a computer s imula t ion  and 



E-7 

Particle Reflection Coefficient for 

. ..... . 
d 

H', H,', He' on C 

18 

CHNDOT He' 

lo-' 

lo-2 

io-' 

10" 
lo-2 lo" 18 10' 

ENERGY (keV) 



E-8 

Energy  Ref l ec t ion  c o e f f i c i e n t s  (RE) f o r  

€I+, D+$ and He+- Inc ident  on c 

( n o m a 1  Incidence,  room temperature)  

RE RE 
(D+ on C) (Hef on C) 

1.0 E-02 
2.0 E-02 
4.0 E-02 
6.0 E-02 
1.0 E-01 
2 - 0  E-01 
4.0 E-Ql 
6.0 E-01 
1.0 E+OO 
2.0 E-tOQ 
4 - 0  E+-00 
6.0 E+QQ 
1.0 EfO1 
2.0 E+01 
4.0 E N 1  
6.0 E+O1 
1.0 Et02 

2.65 E-01 
2.21 E-01 
1.82 E-01 
1.59 E-OP 
1.31 E-01 
9.49 E-02 
6.29 E-02 
4.72 E-02 
3.09 E-02 
1.54 E-02 
6.61 E-03 
3.71 E-03 
1.63 E-03 
4.49 E-04 
9.87 E-05 

1.68 E-01 
1.28 E-01 
1.01 E-01 
8.87 E-02 
7.49 E-02 
7.59 E-02 
4-22 E-02 
3.37 E-02 
2.41 E-02 

5.57 E-03 

1.87 E-03 
5.56 E-04 
1.28 E-04 

1.36 E-02 

3 .94  E-03 

7.58 E-02 
5 - 6 6  E-02 
4 3 4  E-02 
4-08 E-02 
3.63 E-02 
3.14 E-02 
2.69 E-02 
2.43 E-02 
2.08 E-02 
1.60 E-02 
1.13 E-02 
8-75  E-03 
5.98 E-03 
3.14 E-03 
1.40 E-03 
8.01 E-04 
3.58 E O 4  

References: and D+ P r o j e c t i l e s :  W. Eckstein and H. Verbeek, Report 
IPP 9/32, MFI Cairching, August: 1979 to 10 keV); T. 
Tabata e t  al., Report IPPJ-AM-18, I P P  Nagoya, October 1981 
( 10-40 keV9 

Ne' P r o j e c t i l e s :  T. Tabata e t  ale Report TPPJ-AM-18, IPP 
Nagoya, October 1381. 

Accuracy : Unknown 

Notes: (1)  $; D*. These da ta  are based primarily on computer models 
by the TRIM and MARLOWE codes. Experimental  d a t a  confirm these  
codes adequately (+25%) a t  ene rg ie s  above 1 keV. 

( 2 )  
t h e r e  is  no experimental  confirmation.  

For Hef t hese  va lues  from from a computer s imula t ion  and 



E-9 

Energy Reflection Coefficient 

H', H2+, He" on C 

ENERGY (keV) 



E-10 

Particle Ref lec t ion  Coef f i c i en t s  (RN) 

for e and He+ Incident  on Al 

(normal incidence,  room temperature) 

1.0 E-02 
2.0 E-02 
4.0 E-02 
6.0 E-02 
1.0 E-01 
2.0 E-01 
4.0 E-01 
6.0 E-01 
1.0 E+OO 
2.0 Ei-00 
4.0 E+OO 
6.0 E+OO 
1.0 E+O1 
2.0 E-tOl 
4.0 EfO1 
6.0 Ei-01 
1.0 Ef02 

2.79 E-01 
2.85 E-01 
2.86 E-01 
2.82 E-01 
2.72 E-01 
2.47 E-01 
2.10 E-01 
1.84 E-01 
1.49 E-01 
1 - 0 1  E-01 
6.14 E-02 
4.30 E-02 
2.56 E-02 
1.11 E-02 
4.02 E-03 
2.04 E-03 
7.91 E-04 

4.42 E-01 
3.13 E-01 
2.47 E-01 
2.22 E-01 
2.01 E-01 
1.81 E-01 
1.65 E-01 
1.55 E-01 
1.41 E-01 
1.18 E-01 
9.02 E-02 
7.34 E-02 
5.31 E-02 
2.99 E-02 
1.41 E-02 
8.25 E-03 
3.67 E-03 

Reference: T. Tabata e t  a l . ,  Report IPPJ-AM-18, IPP Nagoya, October 
1981. 

Accuracy : Unknown. 

Notes: These da t a  are l a r g e l y  based on a t h e o r e t i c a l  i n t e r p o l a t i o n  from 
d a t a  f o r  o ther  materials and have been confirmed experimental ly  
only f o r  H+ a t  energ ies  above 10 keV. 
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Particle Reflection Coefficient for 

H+ and He' on AI 

SOLID H+ 
DASH He+ 

18 

ENERGY (keW 



E-12 

Energy Ref l ec t ion  Coef f i c i en t s  (RE) 

€o r  K' and He+ Inc ident  on A l  

(normal inc idence ,  room temperature)  

Energy RE RE 
(keW (H+ on Al) (He+ on Al) 

1.0 E-02 
2 , O  €3-02 
4.0 E-02 
6.0 E-02 
1.0 E-01 
2-0 E-01 
4.0 E-01 
6.0 E-01 
1.0 E-bOO 
2.0 E+OO 
4.0 El-00 
6.0 E+OO 
1.0 E+O1 
2.0 E+O1 
4.0 E+O1 
6.0 El-01 
1.0 E-tO2 

2.05 E-01 
2.04 E-01 
1-90 E-01 
1.77 E-01 
1.55 E-01 
1.22 E-01 
8.74 E-02 
6.91 E-02 
4,90 E-02 
2.81 E-02 
1.44 E-02 
9.29 E-03 
5.02 E-03 
1.96 E-03 
6-69 E-04 
3.35 E-04 
1.31 E-04 

3.23 E-01 
2.10 E-01 
1.54 E-01 
1.33 E-01 
1.15 E-01 
9.72 E-02 
8.33 E-02 
7.56 E-02 
6.57 E-02 
5.13 E-02 
3.67 E-02 
2.85 E-02 
1.94 E-02 

4-20 E-03 
2.29 E-03 
9.49 E-04 

9.95 E-03 

Referenee: T. Tabata e t  al., Report IPPJ-AM-18, IPP Nagoya, October 
1981, 

Accuracy : Unknown. 

Notes: These data are l a r g e l y  based on a t h e o r e t i c a l  i n t e r p o l a t i o n  from 
d a t a  f o r  o t h e r  materials. Experimental  tests are confirmed t o  a 
f e w  ene rg ie s  a t  about 10 keV where experiment l ies 30% below the  
d a t a  quoted here.  
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Energy Reflection Coefficient for 
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E- 14  

Par t ic le  Ref lec t ion  Coef f i c i en t s  (RN) f o r  

I??-, D', and He' Inc ident  on Ti 

(normal inc idence ,  room temperature)  

Energy RN RN RN 
(IT+ on ~ i )  (D" on T i )  (He' on T i )  

1.0 E-02 
2.0 E-02 
4.0 E-02 
6.0 E-02 
1.0 E-01 
2.0 E-01 
4.0 E-01 
6.0 E-01 
1.0 E+OO 
2.0 E+QO 
4.0 E'OO 
6.0 E+OO 
1.0 E+O1 
2.0 E+01 
4.0 El-01 
6.0 E+O1 
1.0 E902 

3.31 E--01 
3.17 E-01 
3.07 E-01 
3.01 E-01 
2.91 E-01 
2-71  E-01 
2.41 E-01 
2.18 E-01 
1.86 E-01 
1.38 E-01 
9.24 E-02 
6.91 E-02 
4.48 E-02 
2.19 E-02 
9.10 E-03 
5.00 E-03 
2.14 E-03 

6.22 E-01 
4.67 E-01 
3.78 E-01 
3.43 E-01 
3.08 E-01 
2.69 E-01 
2.32 E-01 
2.09 E-01 
1.78 E-01 
1.34 E-01 
9.06 E-02 
6.79 E-02 
4.38 E--02 
2-08 E-02 

4.24 E-03 
1.66 E-03 

8.14 E-03 

7.93 E-01 
5.23 %-OX 
3.90 E-01 
3.36 E-01 
2.86 E-01 
2.38 E-01 
2.02 E-01 
1.83 E-01 
1.61 E-01 
1.31 E-01 
1.01 E-01 
8.45 E-02 
6.44 E-02 
4.08 E-02 
2.29 E-02 
1.53 E-02 
8.54 E-03 

References:  T. Tabata e t  a l . ,  Report IPPJ-AM-18, I P P  Nagoya, October 
1981. 

Accuracy : Unknown. 

Notes: (1)  These d a t a  are based genera1l.y on a t h e o r e t i c a l  fomula- 
t ion. They have been conf inned experimental ly  a t  ene rg ie s  
between 1 and 10 keV t o  w i th ln  20% f o r  most cases. 

( 2 )  It has  been shown [Oen and Robinson, J. Nucl. Mat. 76 and 
77, 370 (1978)l  t h a t  as hydrogen bu i lds  up i n  t he  Ti t h e y e f l e c -  
t i o n  c o e f f i c i e n t  decreases  t o  a va lue  appropr i a t e  t o  T iH2 .  
- 
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E-16 

Energy Ref lec t ion  Coef f i c i en t s  (RE) f o r  

Hl-, nr", and pfe+ Inc ident  on TY. 

(normal incidence,  room temperature) 

RE 
(rp on Ti) 

RE 
(D+ on ~1 

RE 
(He' on Ti) 

1.0 E-02 
2.0 E-02 
4.0 E-02 
6.0 E-02 
1.0 E-01 
2.0 E-01 
4.0 E-01 
6.0 E-01 
1.0 E+OO 
2.0 El-00 
4.0 E-4-00 
6.0 E-4-00 
1 , O  El-01 
2.0 E+O1 
4.0 E+01 
6.0 E+O1 
1.0 E+02 

2.80 E-01 
2.53 E-01 
2.25 E-01 
2.08 E-01 
1.84 E-01 
1.51 E-09 
1.16 E-01 
9.65 E-02 
7.35 E-02 
4.68 E-02 
2.69 E-82 
1.84 E-02 
1.07 E-02 
4,57 E-03 
1.68 E-03 
8.65 E-04 
3.46 E-04 

4.24 E--01 
3.06 E-01 
2.36 E-01 
2.07 E-01 
1.78 E-01 
1.46 E-01 
1.17 E-01 
1-00  E-01 
8.06 E-02 
5.55 E-02 
3.43 E-02 
2.43 E-02 
1.46 E-02 
6.31 E-03 
2.23 E-03 
1.09 E-03 
3.97 G O 4  

5.46 E-01 
3.57 E-01 
2.53 E-01 
2.12 E-01 
1.74 E-01 
1.37 E-01 
1-09 E-01 

7.86 E-02 
5.92 E-92 
4.22 E-02 
3.34 E-02 
2.39 E-02 
1.38 E-02 
7.06 E-03 
4.47 E-03 
2.33 E-03 

9.46 E-02 

References: T." Tabata e t  al., Report IPPJ-AM-18, IPP  Nagoya, October 
1981. 

Accuracy: Unknown. 

Notes: (1)  These da ta  are based genera l ly  on a t h e o r e t i c a l  forraula- 
t i o n .  They have been confirmed expe r i  ntally at energ ies  
between 1 and 10 keV t o  wi th in  20% f o r  m ~ s t  cases. 

( 2 )  It has been shown [Oen and Robinson, J. k c l .  Mat. 76 and 
77, 370 (197811 t h a t  as hydrogen bu-ilds up i n  the 'pi t k e y e f l e c -  
t i o n  c o e f f i e i e n t  decreases  t o  a va lue  appropr ia te  to 7 3 . H ~ .  
- 
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Energy Reflection Coefficient for 

H', D', and He' on Ti 

ENERGY (keV) 



E-18 

Par t ic le  Ref lec t ion  Coef f i c i en t s  (RN) f o r  

H', D', and Hef Inc ident  on Fe and on S t a i n l e s s  S t e e l  

(normal inc idence ,  room temperature)  

Energy RN RN RN 
(He+ on ~ e )  (keV) (d" on Fe) (D' on Fe) 

1.0 E-02 
2.0 E-02 
4.0 E-02 
6.0 E-02 
1.0 E-01 
2.0 E-01 
4.0 E-01 
6.0 E-01 
1.0 E+OO 
2.0 E+OO 
4.0 E-t-00 
6.0 E+OO 
1.0 E+O1 
2.0 E+O1 
4.0 E+O1 
6.0 E+O1 
1.0 E+02 

8.35 E-01 
6.84 E-01 
5.98 E-01 
5.63 E-01 
5.28 E-01 
4.81 E-01 
4.27 E-01 
3.87 E-01 
3.31 E-01 
2.45 E-01 
1.60 E-01 
1.18 E-01 
7.40 E-02 
3.50 E-02 
1.47 E-02 
8.40 E-03 
4 - 2 5  E-03 

8.26 E-01 
6.38 E-01 
5.39 E-01 
5.04 E-01 
4.72 E-01 
4.38 E-01 
4.01 E-01 
3.74 E-01 
3.33 E-01 
2.63 E-01 
1.85 E-01 
1.41 E-01 
9.26 E-02 
4.43 E-02 
1.70 E-02 
8.69 E-03 
3.26 E-03 

8,42 E-01 
5.77 E-01 
4.27 E-01 
3.69 E-01 
3.14 E-01 
2.60 E-01 
2.20 E-01 
2.00 E-01 
1.76 E-01 
1.46 E-01 
1-16 E-01 
9.89 E-02 
7.84 E-02 
5.33 E-82 
3.30 E-02 
2.36 E-02 
1.46 E-02 

References:  Ht and D' P r o j e c t i l e s :  W. Ecks te in  and W. Verbeek, Report 
I P P  9/32, MPI Garching, August 1979 t o  10 keV); T, 
Tabata et a l . ,  Report IPPJ-AM-18, I P P  Nagoya, October 1981 
( 1 0  t o  l o 2  keV). 

He+ P r o j e c t i l e s :  
Nagoya, October 1981 e 

T. Tabata e t  a l . ,  Report IPPJ-AM-18, IPP 

Accuracy : Unknown. 

Notes: (1) The d a t a  are l a r g e l y  f o r  Fe but  are expected a l s o  t o  be 
a p p r o p r i a t e  f o r  s t a i n l e s s  steel. 

( 2 )  
by t h e  TRIM and MARLOWE codes. Experimental da t a  f o r  s t a i n l e s s  
s t e e l  a t  2.5 t o  15.0 keV agree wi th  the  model c a l c u l a t i o n s  which 
are f o r  Fe. 

Data €or K". and D+ are based pr i rnar t ly  on computer models 

( 3 )  
no t  been confirmed by experiment. 

Data f o r  He+ are from a t h e o r e t i c a l  c a l c u l a t i o n  t h a t  has 
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E-20 

Energy b f i e c t i o n  Coef f i c i en t s  (RE> f o r  

&, D', and He" Incident  on Fe arid on Stainless Stee l  

(normal incidence , r o ~ m  t e m p e r a t u r e )  

1.0 E-02 
2.0 E-02 
4 - 0  E-02 
6.0 E-02 
1.0 E-01 
2.0 E-01 
4.0 E-01 
6.0 E-01 
1.0 E+00 
2.0 E+00 
4 " O  EM0 
6.0 El-00 
1.0 E-tQl 
2.0 E-t-01 
4.0 E+Ql 
6.0 Et-01 
1.0 E4-02 

6.26 E-01 
4.96 E-01 
4.16 E-01 
3.81 E-01 
3.42 E-01 
2.92 E-01 
2.39 E-01 
2.06 E-01 
1.62 E-01 
1.09 E-01 
4.0'9 E-02 
4 .03  E-02 
2,20 E-02 
8.55 E-03 
2.90 E-03 
1.52 E-04 
6.70 E-04 

5.93 E-01 
4.46 E-01 
3.64 E-01 
3.31 E-01 
2.98 Em01 
2.61 E-01 
2,23 E-01 
1.99 E-01 
1.66 1.:-01 
1.20 E-01 
7.65 E-02 
5.48 E-02 
3.31 E-02 
1.40 E-02 
4,75 E-03 
2.24 E-03 
7.60 E-04 

6.25 E-01 
4.21 E-01 
3.01 E-01 
2.54 E-01 
2.08 E-01 
1.62 E-01 
1.27 E-01 
1.10 E-01 
9.14 E-01 
6.91 E-02 
5.00 E-02 
4.03 E-02 
2.97 E-02 
1.83 E-02 
1.02 E-02 
6.29 E-03 
3.98 E-03 

$ and D,-t- P r o j e c t i l e s :  W. Eckatetrr and H. Verbeek, &por t  
IPP 9/32, M P Z  G a z g ,  August 1979 (IOm2 to 10 keV); T. 
Tabata et al., Report TPPJ-AM-88, T.PP Nagoya, October 1981 
( 10 to 102 keV). 

He+ Projectiles: 
Nagoya, October 1981. 

T. Tabata e t  al. , &port IPPJ-AM-18, I P P  

Accuracy : Unknown. 

Notes: (1) The data are largely f o r  Fe but  are expected a lso  t o  be! 
a p p r o p r i a t e  for stainless steel. 

( 2 )  Data for d" and D+ are based primarily on cornpuPles models  
by the TRIM and MARLOm codes, Experimental data f o r  stainless 
steel at 2.5 to 15.0 k e V  agree t o  a few percent with the model 
calculati.ons which are for F e e  

( 3 )  
not been confirmed by experiment only t o  15 keV. 

~ a t a  f o r  %+ are from a t ~ l e o r e t i c a ~  calculation t h a t  has 
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E-22 

Particle Ref lec t ion  Coef f i c i en t s  (RN) 

f o r  d-, D*, and He' Inc ident  on Mo 

(normal incidence,  room temperature) 

1.0 E-02 
2.0 E-02 
4.0 E-02 
6.0 E-02 
1.0 E-01 
2.0 E-01 
4.0 E-01 
6.0 E-01 
1.0 E+OO 
2.0 E+00 
4.0 ECOO 
6.0 E-C-00 
1 .O 'E4-01 
2.0 E+01 
4.0 E+0l 
6.0 ECO1 
1.0 EC02 

3.66 E-01 
3.28 E-01 
3.06 E-01 
2.96 E-01 
2.85 E-01 
2.70 E-01 
2.50 E-01 
2.34 E-01 
2.11 E-01 
1.73 E-01 
1.30 E-01 
1.05 E-01 
7.64 E-02 
4.43 E-02 
2.23 E-02 
1.39 E-02 
7.01 E-03 

9.22 E-01 
6.68 E-01 
5.24 E-01 
4.65 E-01 
4.09 E-01 
3.49 E-01 
2.99 E-01 
2.70 E-01 
2.34 E-01 
1.84 E-01 
1.34 E-01 
1.07 E-01 
7.62 E-02 
4.30 E-02 
2.09 E-02 
1.27 E-02 
6.20 E-03 

7.87 E-01 
5.57 E-01 
4.18 E-01 
3.61 E-01 

2.49 E-01 
2.07 E-01 
1.86 E-01 
1.62 E-01 
1.33 E-01 
1.06 E-01 
9.18 E-02 
7.45 E-02 
5.35 E-02 
3.60 E-02 
2.75 E-02 
1.88 E-02 

3.06 E-01 

References: T. Tabata e t  a l . ,  Report  IPPJ-AM-18, I P P  Nagoya, October 
1981. 

Accuracy : Unknown. 

Notes: (1)  
t i o n .  They have been confirmed experimental ly  a t  energ ies  
between 2.5 and 20 k e V  t o  wi th in  +5%, 

These da t a  are based genera l ly  on a t h e o r e t i c a l  formula- 
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Energy Ref l ect ian Coeff i c i e n t s  (RE) 

for rat, D+, andl HE+ Incident  on % 

(aormal incidence, room temperature) 

Energy 
(keV) 

RE 
(H? on Mo) 

1.0 E-02 
2.0 E-02 
4.0 E-02 
6.0 E-02 
1.0 E-01 
2.0 E-01 
4,0 E-01 
6.0 E-01 
1.0 E+OO 
2.0 E-t-00 
4.0 Et00 
6.0 E M 0  
1.0 E-t-01 
2.0 E-t-01 
4.0 ES-01 
6.0 E+Ol 
1.0 E4-02 

3.18 E O 1  
2.77 E-01 
2.43 E-01 
2.24 E-01 
2.01 E-01 
1-70 E-01 
1.38 E-01 
1.20 E-01 
9.67 E-02 
6.81 E-02 
4.41 E-02 
3.28 E-02 
2.14 E-02 
1.08 E-02 
4.79 E-03 
2.79 E-03 
1.31 E-03 

6.61  E-01 
4.78 E-01 
3.64 E-01 
3.15 E-01 
2.66 E-01 
2.12 E-01 
1.67 E-01 
1.44 E-01 
1 - 1 6  E-01 
8.31 E--02 
5.51 E-02 
4e15 E-02 
2.77 E-02 
1.43 E-02 
4 . 4 9  E-83 
3.80 E-03 
1.78 E-03 

6.05 E-01 
4.24 E-01 
3.10 E-01 
2.62 E-01 
2*14 E-01 
1.65 E.-01 
1.28 E-01 
1.10 E-01 
9.06 E-02 
6.82 E-02 

4.07 E-02 
3.08 E-02 
2.01 E-02 
1.23 E-02 
8.91 E-03 
5.69 E-03 

4*98 Em02 

References: T. Tabata et aP., Repart IPPJ-AM-18, XPP Nagoya, October 
19818 

Accuracy : Unknown. 
1 

Notes: (1) These data are based gene ra l ly  on a tbe~retical formula- 
t i on .  They have been confirmed experimentally at energies 
between 2.5 and 20 keV t o  within +5%. 
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Example of Charge S t a t e  D i s t r i b u t i o n s  of S c a t t e r e d  Particles.  Data Show, 

a t  a S p e c i f i c  Recoi l  Energy, t h e  F r a c t i o n  of T o t a l  Recoi l  Flux which i s  

3- H, H , and B-. For S t a i n l e s s  S t e e l  Bombarded w i t h  10 keV Protons 

(normal i n c i d e n c e  room tempera ture)  

Recoi l  
Energy 
(keV) 

Charge S t a t e  F r a c t i o n  (%) 

N o / N t o t  N + / N ~ ' ~  N - / N ~ ' ~  

0.0 100.0 
1.0 E W O  90.7 
2.0 EI-00 88.5 
3.0 E W O  87.6 
4.0 E+OQ 87.0 
5.0 E-MO 86.5 
6.0 E+OO 85.9 
7.0 E+OO 85.5 
8.0 EM0 85.1 
9.0 EM0 84.t7 

* 

Reference:  

0.0 0.0 
5.0 4.5 
7.0 5.5 
8.0 5.2 
8 .7  4.8 
9.4 4.5 

10.2 3 . 8  
11.0 3.5 
12.0 2.8 
13.0 2.4 

W. E c k s t e i n ,  F. E. P. Matschke, and H. Verbeek, J. Nucl. M a t .  - 6 3 ,  199 (1976) .  

Accuracv: $. 1%. 

0 
Notes:  ( 1 )  The d a t a  are t o  be i n t e r p r e t e d  as f o l l o w s .  For an impact energy E 
a r e c o i l  energy i n t e r v a l  d E  i s  s e l e c t e d  c e n t e r e d  on a r e c o i l  energy E. The 
r a t i o s  presented  are t h e  f l u x  of s c a t t e r e d  p a r t i c l e s ,  w i t h  t h e  d e f i n e d  charge 
s t a t e ,  r e c o i l i n g  i n t o  t h e  i n t e r v a l  dE, d i v i d e d  by t h e  t o t a l  f l u x  of a l l  p a r t i c l e s  
( i .e . ,  a l l  charge s t a t e s )  i n t o  t h a t  same i n t e r v a l  dE. 

( 2 )  It i s  g e n e r a l l y  found t h a t  t h e s e  r a t i o s  are approximately t h e  same f o r  
a l l  t a r g e t  materials and are independent of i n c i d e n t  energy ,  i n c i d e n t  a n g l e  and 
e x i t  a n g l e .  (See R. Behrisch e t  a l . ,  i n  Atomic C o l l i s i o n s  i n  S o l i d s ,  ed .  by S. 
Darz e t  a l . ,  Plenum Publ .  Corp., New York, 1975, p .  315). 
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Example of Energy Dif f t r ihu t ions  f o r  D i f f e r e n t  S c a t t e r i n g  Angles. 

Data f o r  5 keV K' I n c i d e n t  on S t a i n l e s s  S t e e l  a t  a n  Angle 

of 45" t o  the Surface  &mal 

(room tempera ture)  

R e f l e c t e d  Flux ( d e f i n e d  below) a t  s c a t t e r i n g  a n g l e  I$ ( d e f i n e d  below) 

Re c o i l  Q, = 50" 55" 8 5" 115" 145" 
Ener,gy 
(keV) 

0 
4.0 E-01 
1.0 Et00 
1.5 E+OO 
2.0 E+00 
2.5 E+OO 
3.0 E+OO 
3.5 E+00 
4.0 E+OO 
4.5 ECOO 
5.0 Ei-00 

5.30 E-06 
2.57 E-05 
3.83 E-05 
5.23 E-OS 
7.21 E-05 
9.77 E-05 
1.24 E-04 
1.43 E-04 
1.41 E-04 
9.83 E-05 
0 

0 
4-47 E-05 
9.51 E-04 
1.21 E-04 
1.57 E-04 
2.12 E-04 
2.60 E-04 
2.75 E-04 
2.44 E-04 
1.61 E-04 
0 

3.80 E-04 
4-56 E-04 

6.55 E-04 
7.10 E-04 
7.17 E-04 
6.68 E-04 

4.08 E-04 
2.14 E-04 
0 

5.67 E-04 

5.63 E-04 

4.82 E-04 
7.27 E-04 
8.22 E-04 
8.11 E-04 

6.23 E-04 
4.97 E-04 
3.72 E-04 
2.53 E-04 
1.38 E-04 
0 

7.35 E-04 

1 . 1 2  E-03 
7.93 E-04 
6.17 E-04 
5.04 E-04 
4.04 E-04 
3.03 E-(34 
2.10 E-04 
1.38 E-04 
9.59 E-05 
6.58 E-05 
0 

References:  W. E c k s t e i n  and H. Verbeek, J. Nucl. Mater. 9 3  and 94 ,  518 - - 
(1980) .  

kcuracy : R e l a t i v e  v a l u e s  +10%. 

Notes: (1)  The d a t a  are f o r  a q u a n t i t y  e q u a l  t o  t h e  nlanber of scat- 
t e r e d  p a r t i c l e s  p e r  i n c i d e n t  p a r t i c l e  and p e r  s t e r a d i a n  
r e f l e c t e d  i n t o  t h e  energy i n t e r v a l  ~f 64.3 eV. 

( 2 )  The i n c i d e n t  beam, r e f l e c t e d  p a r t i c l e s  and s u r f a c e  norrnal 
are  a l l  i n  t h e  same plane.  Inc idence  a n g l e  (45') i s  measured 
from t h e  s u r f a c e  normal. S c a t t e r i n g  a n g l e  is d e f i n e d ,  as i n  t h e  
o r i g i n a l  p u b l i c a t i o n ,  as the  d e v i a t i o n  from t h e  p r o j e c t i l e ' s  
t r a j e c t o r y .  Thus a s c a t t e r i n g  a n g l e  of 50' is a d i r e c t i o n  85" 
(180-45-50) from t h e  s u r f a c e  normal;  a s c a t t e r i n g  angle of 145" 
i n  a d i r e c t i o n  0" (180-45-145) from the s u r f a c e  normal. 

(3 )  S u b s t a n t i a l  f u r t h e r  i n f o r m a t i o n  O E  t h i s  t y p e  f o r  o t h e r  
e n e r g i e s  and matertals is  t o  be found i n  Report  I P P  9/32, by 
W .  Eckstein and H. Verbeek, Max-Planck I n s t i t u t e  f u r  
Plasmaphysik,  Garching, August 1979. See a l s o  r e f e r e n c e s  c i ted 
t h e r e i n .  
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Here 4 i s  the  f l u x  of desorbing molecules (measured i n  terms of the 
number of atoms desorbed per  cm2 pe r  sec), c i s  the  near  su r face  
volume concent ra t ion  of hydrogen atoms (atoms/cm3), a is  a dimen- 
m s s  su r face  roughness f a c t o r  ( t r u e  surf  ace a rea /p ro jec t ed  area) 
and the  f a c t o r  2 is introduced because each molecule conta ins  two 
atoms. 
recombination rate. Most measurements of recombination rate provide 
a va lue  of 2drr with  no s p e c i f i c a t i o n  of Q. 

t h a t  2cdcr obeys an Arrhenius express ion  of t he  form 

The quan t i ty  kr i s  a cons tan t  of p r o p o r t i o n a l i t y  c a l l e d  the  

It is  normally found 

2 h r  = 2 d r 0  exp(-Er/kT) (4) 

where El: is an a c t i v a t i o n  energy f o r  recombination, T is  material 
temperature  and kro i s  a constant .  
2dcr0 and Er from which 2&, can be ca lcu la ted .  

In  t h e  t a b u l a r  d a t a  we quote  

The reader  is  cautioned t h a t  t he  whole d e f i n i t i o n  of t h i s  quan- 
t i t y  may be inco r rec t .  The reemission of su r face  hydrogen must 
involve  f i r s t  a d i f f u s i o n  of atoms t o  a recombination s i te ,  secondly 
t h e  recombination i t s e l f  and t h i r d l y  t h e  reemission of a molecule 
from t h e  sur face .  The measured recombination rate includes a l l  t h ree  
f a c t o r s .  It has been suggested ( J in -gor  Chang and E. W. Thomas, J. 
Appl. Phys., t o  be publ ished)  t h a t  f o r  a steel su r face  t h e  recombina- 
t i o n  rate measured through a p p l i c a t i o n  of Eq. 3 is i n  f a c t  not t h e  
recombination s t e p  a t  a l l ;  f o r  C and 0 recombination on Pt i t  has 
been suggested [J. D. Doll and D. L. Freeman, Surf.  S c i .  134, 769 
(1983)l t h a t  i n  f a c t  su r f ace  d i f f u s i o n  i s  the  rate 1 i m i t i T s t e p .  

( d )  Models. A v a r i e t y  of modelling codes have been used t o  i n t e r r e l a t e  
5 h e n d a m e n t a l  q u a n t i t i e s .  
va lues  of D, S and 20kr are for v i r g i n  materials exposed t o  thermal 
energy p a r t i c l e s  while  i n  p r a c t i c e  w a l l  materials will be r a d i a t i o n  
damaged and s p u t t e r  eroded; moreover p a r t i c l e  impact is  ene rge t i c .  
P r i n c i p l e  re ferences  t o  codes: - 

A major l i m i t a t i o n  i s  t h a t  the  quoted 

DIFFUSE - M. I. Baskes , Sandia Nat ional  Labora tor ies ,  Report 
SAND80-8201 (1980). 

PER1 - P. Wienhold, M. Profant ,  F. Waelbroeck, J. Winter, J. 
Nucl. Mater. 93 and 9 4 ,  866 (1980). - I 

ELM Model - D. K. Brice, B .  L. Doyle and W. R. Wampler, J. Nucl. 
Mater. 111 and 112, 598 (1982) . 

II 

Gaussian Trapping Model - K. Sone and G. M. McCracken, J. Nucl. 
Mater. 111 and 112, 606 (1982). 
I - 

2. Direct Measurement. Data on t rapping  and reemission are t r a d i t i o n a l l y  
presented  i n  various forms. Experiments may record what i s  r e t a ined  i n  a 
s u r f a c e  o r  what is emit ted from a s u r f a c e  as a func t ion  of such parameters 



as  cumulative dose,  p r o j e c t i l e  energy, t a r g e t  temperature ,  r a d i a t i o n  
damage and o the r  prelimiiaary t reatments .  I n  the  data compendium we have 
g e n e r a l l y  reLained the  method of p re sen ta t ion  employed i n  t h e  o r i g i n a l  
pub l i ca t ion .  The forms of d i sp l ay ,  t h e i r  d e f i n i t l o n s  and r e l a t i o n s h i p s  
are as follows. 

(a) &emission r e f e r s  t o  the  emission o f  gas from the  target.  while the  
t a r g e t  is being bombarded by t h e  p r o j e c t i l e  ions ;  the reemission rate 
i s  genera l ly  measured by the  rise i n  p a r t i a l  p ressure  of t he  projee- 
t i l e  spec ie s  as monitored i n  t h e  vessel which conta ins  the  t a r g e t .  
If the  €lux of ions (or atoms) inc iden t  on t h e  su r face  i s  Pi and t h e  
f l u x  of atoms emerging i s  F then t h e  ra te  of reemission,  expressed 

e9 
as a percentage,  i s  given by: 

The genera l  fo rm of reemission rate as a func t ion  of dose i s  shown in 
Fig. 1; reemission rate is  p l o t t e d  as a func t ion  of cumulative areal 

I I I I 
1 2 3 4 

CUMULATIVE DOSE OR FLUENCE 
(1  01’ ions/cm* 1 

Fig. 1. General form of seemission rate 
as a func t ion  of dose. 
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- ..... .. . 2 dose ( ions  o r  atoms/cm ), otherwise known as Fluence. - 
t h e  reemission is equal  t o  the backsca t te red  f r a c t i o n ;  a l l  i ons  not 
backsca t te red  are re t a ined  o r  trapped. As dose inc reases  the  reemis- 
s i o n  rate inc reases  t o  a s a t u r a t e d  va lue ,  which i s  normally 100%; a t  
t h i s  va lue  a n  atom i s  e j e c t e d  f o r  every i o n  o r  atom inc iden t .  

A t  low dose 

(b) Trapping refers t o  t h e  f r a c t i o n  of t he  inc iden t  f l u x  which is 
r e t a i n e d  i n  the  t a r g e t ;  t h i s  is  gene ra l ly  determined by a d i r e c t  
measure of t he  r e t a ined  p r o j e c t i l e  dens i ty .  The measured quan t i ty  is  
t h e  areal dens i ty  of r e t a ined  p r o j e c t i l e s ,  o r  Trapped Fluence 
(atoms/cm2), p l o t t e d  as a func t ion  of t h e  inc iden t  p r o j e c t i l e  dose o r  
f luence ;  a f acs imi l e  of such a p r e s e n t a t i o n  is shown i n  Fig. 2. For 

/ - 
SATURATION / - 
DENSITY B 

P- I I I 

1 2 3 4 
CUMULATIVE DOSE OR FLUENCE 

ions/cm2) 

Fig. 2. Retained p r o j e c t i l e  as a f u n c t i o n  of dose. 

l o w  dose the  trapped dens i ty  inc reases  l i n e a r l y  wi th  f luence ;  
however, t he  t rapped dens i ty  is  less than i n c i d e n t  f luence  by an 
amount equal  t o  the  f r a c t i o n  backscat tered.  The dashed l i n e  shows 
t h e  behavior expected if a l l  i n c i d e n t  p a r t i c l e s  not  r e f l e c t e d  are 
r e t a i n e d .  A t  high dose t h e  t rapped dens i ty  s a t u r a t e s ,  corresponding 
to t h e  100% reemission i n  Fig. 1; a t  this  p o i n t ,  for each new ion 
i n c i d e n t  one atom i n  the  t a r g e t  is e j ec t ed .  

One can relate the  p re sen ta t ions  of Figs.  1 and 2 as fol lows:  
The p r o j e c t i l e  atoms r e t a ined  (Fig. 2) is  equal  t o  
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-&) x Fluence , 

where R is the  reemission rate ( i n  X )  from Pig. 1. 

( c )  Sa tu ra t ion  Density i s  the  areal dens i ty  of t h e  r e t a i n e d  atoms a t  
s a t u r a t i o n  (i .e. ,  a t  100% reemission);  i n  Fig. 1 i t  is the  number of 
atoms represented  by the  area between t h e  reemission curve and the 
100% reemission l i n e .  An a l t e r n a t i v e  terminology i s  Fluence Trapped 
a t  100% Reemission. 

(d )  Trapping Coef f i c i en t  is the  p r o b a b i l i t y  t h a t  an inc iden t  ion  w i l l  be 
r e t a ined .  Its maximum value  of u n i t y  r ep resen t s  the  condi t ion  where 
each inc iden t  ion is re ta ined .  The t r app ing  c o e f f i c i e n t  will vary 
w i t h  f luence  (o r  dose) ,  eventua l ly  dropping t o  zero  when t h e  t a r g e t  
s a t u r a t e s  and each new ion  inc iden t  causes one atom t o  be e j ec t ed .  
Trapping c o e f f i c i e n t  i s  equal  t o  

R 
-m 

where R i s  the  reemission rate ( i n  %) discussed  i n  note  2a above. 

( e )  It should be noted t h a t  t he  reemission behavior is  c l o s e l y  r e l a t e d  t o  
Temperature. The behavior shown i n  Figs.  1 and 2 i s  appropr i a t e  t o  
temperatures  where t h e  implanted spec ie s  has n e g l i g i b l e  d i f fus ion .  
A t  temperatures  where d i f f u s i o n  is s i g n i f i c a n t  the r i s i n g  po r t ion  of 
Fig.  1 commences a t  e s s e n t i a l l y  zero dose; t h i s  means a l s o  t h a t  t he  
r e t a i n e d  dens i ty  of atoms displayed i n  Fig. 2 always f a l l s  below t h e  
100% t r app ing  l i n e .  

( f )  Replacement Cross Sect ions r e f e r  t o  t h e  replacement of implanted spe- 
cies (e.g., D) by t h e  a r r i v a l  of a subsequent atom (such as H) .  I n  
gene ra l ,  t he  c ross  s e c t i o n  is  evaluated as fol lows:  t h e  t a r g e t  i s  
implanted w i t h  one spec ie s  (e.g., D) t o  a s a t u r a t i o n  dens i ty  (o r  
t rapped  f luence  a t  s a t u r a t i o n )  of nSat atoms/cm*. 
second spec ie s  (e.g. 

t as 

Subsequently t h e  
@) is  d i r e c t e d  onto t h e  t a r g e t  wi th  a f l u x  

d e n s i t y  Jo (atoms/cm 2 s ) ,  and t h e  trapped f luence  decreases  with t i m e  

n = n sa t  exp - (J,ot) . 
Consequently, t he  rate of removal of the  f i rs t  spec ie s  ( D  i n  our 
example) i s  given by 

- -  dn - 
d t  sat Jooexp - (.Toot) . 
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Q i s  c a l l e d  t h e  replacement c ros s  s e c t i o n  ( o r  sometimes the  gas sput-  
t e r i n g  c r o s s  sec t ion ) .  

( 9 )  Replacement E f f i c i ency  is r e l a t e d  t o  replacement c ros s  s e c t i o n  
de f ined  i n  note  2f above. It is  t h e  number of primary implanted 
atoms ( i n  our  example, D) removed f o r  every secondary p a r t i c l e  ( i n  
o u r  example, H) i n c i d e n t ;  dnD/dn tr 
p l o t t e d  as a func t ion  of t h e  r a t i o  of t h e  f luence  of incoming secon- 
dary  p a r t i c l e s  (H i n  our sample) t o  the s a t u r a t i o n  dens i ty  of t he  
primary implant (D i n  our example), that  is  t o  say ,  as a func t ion  of 

"H'"sat 

f o r  our  example. It is o f t e n  

3. 

(a)  R. A. Langley et  al.,  Nucl. Fusion, Spec ia l  Edi t ion ,  "Data Compendium 

Major Reviews. Two major reviews and d a t a  compendium are ava i l ab le .  

f o r  Plasma - Surface I n t e r a c t i o n s  (1984) - see p a r t i c u l a r l y  
Chapter 3. 

(b)  S .  Yamaguchi, K. Ozawa, Y. Nakai and Y. Sugizaki ,  Japan Atomic Energy 
Research I n s t i t u t e ,  Report JAERI-M 82-118 (Aug. 1982). 

.. . 
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S e l e c t e d  Values o f  Hydrogen (H) D i f f u s i v i t y  and 

S o l u b i l i t y  f o r  Various Metals and Al loys  

D = D,, ?xp - Ed/kT cm' 

eV 2 Ma t er i a  1 c m  
S 

Carbon 3.3 E-07. 
Alulninum 2 . 1  K-01 
T i t  aniuin 1 . 8  E-02 
304 S t a i n l e s s  2 . 0  E-03 
Nickel. 6 . 9  E-03 
i N C  7 1 8  1 . 0  E-02 
Copper 1.1 E-02 
Molybdenum I 4 . 8  E--03 
Molybdenum iI 2 . 4  E-04  
Tungs t.m 4 . 1  E--03 

4 . 3  E 00 
4 . 7  E---01. 
5 . 4  E-01 
5 . 4  E-01 
4 . 2  E-01 
5.2 E - 0 1  
4.0 E-01- 
3 . 9  E-01  
1.1 E-01 
3 . 9  F-01 

p_V R e f  1 11 ----j-772- 
cm (atrn) _ _  

9 . 0  E 15 -1.4 E 00 a 
3 . 1  E 21. 8 . 4  E--01 b 
1.5 E 2 0  -4.9 E-01  C 

7 . 7  E 1 9  1.1 E - O I  d 
3.1. E 20 1 . 6  E-01 E 

4 . 1  E 1.9 6 . 0  E-02 f 
1 . 3  E 2 0  3 .7  E-01  b 
2 . 7  E 20 5 . 4  E-01 g 
2 , 3  E 2 1  6 . 8  E-01  h 
6 . 9  E 2 0  9 . 8  E-OS. 1 

References : ( a )  R.  A .  Causey, T. S.  Ell-eman and K. Verghese,  Carbon 17, 
323 ( 1 9 7 9 ) .  

W .  Eichenauer  and A. P e b l e r ,  Z. Metal lkd.  48, 3 7 3  ( 1 9 5 7 ) .  
R. J .  Wasilewsky and G. M. Kehl ,  Metal lurgr&l.  so, 2 2 5  
( 1 9 5 4 ) .  J.  R. Morton and D. S .  S t a r k ,  Trans .  Faraday So(:. 
.- 56 ,  354 ( 1 9 6 0 ) .  
14. R. Louthan and K. D. D e r r i c k ,  Corros .  S e i .  15, 2 8 7  (1965) 
J .  VoI.kl and G. A l e f e l d  i n  -__..I. D i f f u s i o n  i n  S o l - i d s T e d i t e d  by 
A.  S .  Nowick and J. J. Burton,  Academic Press ,  2 3 1  ( 1 9 7 5 ) .  
W .  M.  Robertson,  2 .  Metal lkd.  6 4 ,  436 ( 1 9 7 3 ) .  
W .  M. Robertson,  M e t a l l u r g i c a l T r a n s .  8 A ,  1 9 0 9  ( 1 9 7 7 ) .  
W. G. P e r k i n s ,  J. Vac. S c i .  Technol.  10, 5 4 3  ( 1 9 7 3 ) .  
Oates and R .  B .  McJ.,ellan, S c r .  Metally-6, 349 ( 1 9 7 2 ) .  
H .  K a t s u t a ,  R .  B .  McLellan, K.  Furukawa; J .  Phys.  Chern. 
S o l i d s  4 3 ,  533 (1.982) 
R.  F r a y z f e l d e r ,  J. Vac. S c i .  Technol.  6 ,  388 ( 1 9 6 9 ) .  
R.  F r a y e n f e l d e r ,  J. Chem. Phys. 58-, 3953 ( 1 9 6 7 ) .  

W. A. 

Notes: (1) This m a t e r i a l  i s  quo ted  i n  t o t o  f rom a review by R. A. ____- 
Langley e t  a l . ,  Nucl. Fusion,  S p e c i a l  E d i t i o n ,  "Data 
Compendium f o r  Plasma-Surface I n t e r a c t i o n s "  (1984)  . 

( 2 )  For  e x p l a n a t i o n  of symbols, see i n t r o d u c t i o n .  
( 3 )  The d a t a  are a l l  for m a t e r i a l s  that  have not  been s u b j e c t e d  

t o  r a d i a t i o n  damage. 
( 4 )  Two v a l u e s  are quoted f o r  Molybdeniiiil because  t h e r e  i s  

c o n t r o v e r s y  i n  t h e  1 i t e r a t u r e .  
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. ... . 
S e l e c t e d  Values  f o r  Deuterium (D) Recombination 

on S t e e l  and Cold 

2ok --- 2uk. exp - E /kT 
r r o  r 

2 ak 
ro 

Mat er t a l  Cond F t i o n  cm4 / s  E (ev) R e f .  r 

304 S t a i n l e s s  E l e c t r o  pol.i.sbed J--3 E-17 8,1 E-01. (a) 

304 S t a h l e s s  S p u t t e r  c l e a n e d  3.6 E-20 3.4 E 4 7 1  (4 

Go I d  P o l y c r y s t a l l i n e  - no 2 .2  E-23 3 . 2  E-01 (b) 
s u r f a c e  contaminat ion  
(no t  dependent  on 
prior hmbardment)  

__ References: (a) S .  M. Myers and W .  R. Wampter, J. N u c l . .  Mater. 

(b) J in-gor  Chang and E. W .  Thomas, ( t o  be p u b l i s h e d ) .  
111 & 1 1 2 ,  579 ( 1 9 8 2 ) .  
I___ 

Accuracy: T h e  d a t a  f o r  s tee l  should  be used w i t h  great c a u t i o n .  
are g r e a t l y  i n f  h e a c e d  by pre- t rea tment  t h a t  changes sur face  
composi t ion.  None of the d a t a  quoted here i s  f o r  p r o  e r l y  
d e f i n e d  s u r f a c e s  and values ranging from 10-29 em4 s - ~  t o  

are r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  300 K 
s t a i n l e s s  s t ee l  [see review by Langley,  Nucl Fusion,  S p e c i a l  
E d i t i o n ,  ''Data Compendium for Plasma-Surface Interactions ," 
(19849 3 .  

Values 

cm4 

--L Notes:  
575 K f o r  s tee l  and 400 K t o  550 K f o r  g o l d .  

The d a t a  are de termined  f o r  temperatures i n  the range 4 2 5  K to 

. .-,..\ 
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Trapped Fluence as a Function of Incident 

Fluence for 50-, 150-, and 300-eV Df on C 

(norrrial incidence, room temperature, 
polycrystalline material) 

F1.uenc e Inc ident  
( D+ ions/cm2 ) 

Fluence Trapped 
(D atoms/cm2) 

2.0 E 15; 
3.0 E 15 
5.0 E 1 5  
1.0 E 16 
2.0 E 16 
3.0 E 16 
5.0 E 16 
1.0 E 17 
2.0 E 17 
3.0 ~i: 17 
5.0 E 17 
1.0 E 18 

50 rv 

1.2 E 15 
1.7 E 15 
2.6 E 1.5 
4.4 E 15 
6.6 E 15 
8.0 E 1 5  
9.8 E 15 
1.2 E 16 
1.3 E 16 
1.4 E 16 
1."4 E 16 
1.4 E 16 

150 eV 

1 . ) - c  E 15 
2.0 E 15 
3.3 E 15 
6.2 E 15 
1.2 E 16 
1.6 E 16 
2.0 E 16 

2.9 E 16 
3.0 E 16 
3.0 E 16 
3.0 E 16 

2.6 E 1 4  

300 eV 

2.0 E 15; 
3.0 E I5 

1.0 E 16 
2.0 E 16 

3.5 E 16 
4.7 E 1.6 
5.5 E 16 
5.8 E 16 
6.0 E 16 

5.0 E 15 

2.6 E: 1.6 

6.1 E 1.6 

Reference .. : 

G .  Staudenmaier et al., J. Nucl. Mater. 3, 149 (1979). 

A c  cu racy : Un s p e  c if ied ___ .. . .. . . . . 

Note: ... 
this section. 

(1) For a definition O F  trapping see note 2b at the beginning of 
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I d 8  
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Trapped Fluence vs. Incident Fluence 

for 50, 150, and 300 eV D” on C 
1 1 I I 1  1 1 1 1  1 I I I 1 I l l 1  I I I 1  I t T  

SOLID 5 0 e V  
DASH 150eV 
CHNDOT 3 0 0 e V  

--- 
/ . A .  

ICY 10l6 10” lo’* 
FLUENCE INCIDENT (D” ions/cm2) 
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Trapped Fluence as a Function of Incident 

Fluen(:e f o r  500-eV, 700-eV, and 1-keV D on I: + 

(normal incidence, room temperature 
polycrystalline material) 

Fluence Incident  
(D" ions/cm2 ) 

Fluence Trapped 
(D atorns/cm2) 

2.0 E 15 
3.0 E 15 
5.0 E 1.5 
1.0 E 16 
2.0 E 16 
3.0 E 16 
5.0 E 16 
1.. 0 E 1'7 
2.0 E 17 
3.0 E 17 
5.0 E 17 
1.0 E 18 

500 eV 

2,o E 15 
3.0 E 15 
5.0 E 15 
1.0 E 16 

3.0 E 16 
5.0 E 16 
7.8 E 16 
8.8 E 16 
9.0 E 16 
9.0 E 16 
9.0 E 16 

2.0 E 16 

2.0 E 1.5 
3.0 E 15 
5.0 E 3.5 
1.0 E 16 
2.0 E 16 
3.0 E 16 
5.0 E 16 
8.7 E 16 
1.1 E 1.7 
1.2 E 1'1 
1.2 E 17 
1.2 E 1 ' T  

1 keV 

2.0 E 15 
3.0 E 15 
5.0 E 15 
l . 0  E 16 
2.0 E 16 
3.0 E 16 
5.0 E 16 
9.3 E 16 
1.2 E 17 
1.3 E 17 
1.3 E 17 
1.3 E 17 

Reference: 

G. Staudenmaier et a ] . ,  J .  Nucl. Mater. - 8 4 ,  149 (1979). 

Accuracy: - Unspecified 

Note: (1) For a definition of trapping see note 2b at the beghning of 
this section. 
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Trapped Fluence vs. Incident Fluence 

for 500 eV, 700 eV, and 1 keV D’ on C 

10” 

lo”” 
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Fluence Trapped a t  S a t u r a t i o n  

4- 
f o r  D on C 

(normal i n c i d e n c e ,  room t e m p e r a t u r e ,  
p o l y c r y s t a l l i n e  m a t e r i a l )  

Fluence Trapped at S a t u r a t i o n  
(D atoms/crn2) 

5.0 E-02 
7.0 E-02 
1.0 E-01 
2.0 E-01 
3.0 E-01  
5.0 E-01 
7.0 E-01 
1.0 E 00 
2.0 E 00 
3.0 E 00 
5.0 E 00 
7.0 E 00 
1.0 E 01 

1 . 3  E 16 
1.7 E l 6  
2.3 E 16 
4.1 E 16  
5.9 E 16 
9.7 E 16 

1.7 F: 1 7  

4.6 E 17 

1.3 E 17 

3.2 E 17  

7 . 5  E 17 
1.0 E 1.8 
1.14 E 18 

Refe r  enc-e- : 

G .  Staudenmaier e t  a l . ,  J .  Nucl. Mater. - 8 4 ,  1 4 9  (1979). 

Accuracy: .- ?lo% 

_____ Notes:  (1) For a d e f i n i t i o n  of  t rapped f l u e n c e  and i t s  r e l a t i o n s h i p  t o  
r e e m i s s i o n ,  see n o t e  2b a t  t h e  beg inn ing  of  t h i s  s e c t i o n .  

( 2 )  The carbon used h e r e  i.s a f l e x i b l e  p o l y c r y s t a l l i n e  g r a p h i t e  
s t r i p  known by t h e  commercial name of "Papyex" (Le Carbonne, F rance ) .  
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.... 

... 

Fluence Trapped at Saturation 

for 0' on C 

ENERGY (keV) 



Reemission o f  Deuterium a t  Various 

Temperatures f o r  20-keV D-'- on C 

(normal i-ncidence,  v a r i o u s  t e m p e r a t u r e s ,  
p o l y c r y s t a l l i n e  m a t e r i a l )  

Fluence Inc ident  
( D+ ions /ern2 ) 

Reemission R a t e  ($1 

0.0 E 00 
2.0 E 16 
4.0 E 16 
6.0 E 16 
8.0 E 16 
1.0 E 17 
2.0 E 17 
4.0 E 1'7 
6.0 E 17 
8.0 E 17 
1.0 E 18 
1.2 E 18 
1.4 E 18 
1.6 E 1.8 
1.8 E 18 
2.0 E 18 

293 K 
0.0 E 00 
0.0 E 00 
0.0 E 00 
0.0 E 00 
0.0 E 00 
0.0 E 00 
0.0 E 00 
0.0 E 00 
0.0 E 00 
0.0 E 00 
3.0 E 00 
1.0 E 01 
2.0 E 01 
2.7 E 01 
3.4 E 01 
3.7 E 01 

773 K 
0.0 E 00 
0 .0  E 00 
0.0 E 00 
0.0 E 00 
0.0 E 00 
0.0 E 00 
0.0 E 00 
4.0 E 00 
1.1 E 01 
2.4 E 01 
3.5 E 01 
4.4 E 01 
5.0 E 01 
5.5 E 01 
5.8 E 01 
6.1 E 01 

973 K 
0.0 E 00 
0.0 E 00 
0.0 E 00 
2.0 E 00 
7.0 E 00 
l . O  E 01 

7.7 E 01 
8.4 E 01 
8.7 E 01 

9.1 E 01 

5.0 E 01 

9.0 E 01 

1273 K 

0.0 E 00 

1.1 E 03. 
1.4 E 01 
2.6 E 01 
3.5 E 01 

5.3 E 01 
5 .5  E 01 
5.6 E 01 
5.6 E 01 

6.0 E 00 

4.6 E 01 

S .  K.  E r e n t s ,  I n s t .  Phys.  Conf. S e r .  - 28, 318 (1976).  

Accuracy: Unknown 

Notes: (1) For a d e f i n i t i o n  of reemiss ion  and how i t  r e l a t e s  t o  t r a p p i n g ,  
see n o t e  2a a t  t h e  beginning o f  thi.s s e c t i o n .  

( 2 )  The type  of carbon used w a s  n o t  s p e c i f i e d .  

(3) The above d a t a  r e p r e s e n t  t h e  reemissi-on of deuter ium i n  t h e  
form of  D7 and HD. I n  a d d i t i o n ,  there i s  some reemiss ion  of CD4 a t  h i g h e r  
tempera tures ;  t h i s  i s  b e l i e v e d  t o  be less t h a n  5% of  t h e  t o t a l  deuter ium 
emission.  
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120.0 

100.0 

A 
I- z w 80.0 
W 
CY 
k! 
W 

w 2 60.0 
CY 
z 
0 n 
v, 

w w 
CIL 

40.0 

20.0 

0.0 

Reemission of Deuterium 

for 20 keV 0' on C 
I I I I 

SOLID 293 O K  

DASH 773 O K  

CHNDOT 973OK 

DOT 1273 O K  

0.0 0.4 0.8 1.2 1.6 2.0 
FLUENCE INCIDENT (D' ions/cm2 ~10'') 

.?... . 
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Trapped Fluence at 50, 150, and 300 eV 

as a Function of Incident Fluence f o r  D' on S i  

(normal incidence, room temperature, 
single crystal) 

Fluence Incident 
(D+ ions/cm.') 

Fluence Trapped 
(D atoms/cm2) 

50 e V  150 ~ T J  300 eV 

1.0 E 15 
2.0 E 15 

5.0 E 15 
1.0 E 16 
2.0 E 1.6 

1.0 E 17 
2.0 E 17 

3.0 E 15 

3.0 E 16 
5.0 E 16 

3.0 E 17 
5.0 E 3-7 
1.0 E 18 

1.0 E 15 
1.5 E 15 
2.5 E 15 
4.1 E 15 
5.3 E 15 
6.7 E 15 
8.5 E 15 

9.3 E 15 
9.2 E 1 5  

1.6 E 15 

9.2 E 15 
1.2 E 1.6 

2.8 E 15 
5.5 E 15 

1.5 E 1.6 
1.8 E 16 
1.8 E 16 
1.8 E 16 

1.0 E 15 
2.0 E 15 

9.0 E 15 

3.0 E 15 
5 .0  E 15 

1.5 E 16 
1.8 E 16 
2.3 E 16 
2.8 E 16 
3.1 E 16 
3.1 E 16 
3.1 E 16 
3.1 E 16 

Re f e r en= : 

G. Staudenmaier et al.., J. Nucl. Mater. 84, 149 (1979) .  

Accuracy: Unknown 

Note: (1.) For a definition of trapping see note 2b at the beginning of 
t h i s  section. 
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Trapped Fluence VS, Incident Fluence 

for 50, 158, and 300 eV D’ on si 

DASH 150eV 
CHNQBT 3 0 0 e V  

m 

“E. 
Id7 

0 

c9 
W 

Q 

w u z w 
3 
E! 

* /  / 
1 

... 
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Trapped Flueace a t  500 e V ,  700 eV, and 1 keV 

as a Funct ion of I n c i d e n t  Fluence f o r  D+ on si 

(normal i n c i d e n c e ,  room tempera ture ,  
s i n g l e  c r y s t a l )  

Fluence Incident 
( D+ ions/cm2 ) 

Fluen c e % r apy e d 
(D atoms/cm ) 

1.0 E 15 
2.0 E 15 
3.0 E 15 
5.0 E 15  
1.0 E 16 
2.0 E 16 
3.0 E 16 
5.0 E 16 
1.0 E 17 
2.0 E 17 
3.0 E 17 
5.0 E 17 
1.0 E 18 

1.0 E 15 
2.0 E 15 
3.0 E 15  
5.0 E 15 

2.0 E 1.6 
2.8 E 16 

2c.g E 16 

1.0 E 16 

4.0 E 16 

5.1 E 16 
5.3 E 16 
5.4 E 16 
5.4 E 16 

700 eV 
1- 

1.0 E 15 
2.0 E 15  
3.0 E 1.5 
5.0 E 15 
1.0 E 16 
2.0 E 16  
3.0 E 16 
4.5 E 16 
5.8 E 16 
6.7 E 16 
7.0 E 16 
7.0 E 16 
7.0 E 16 

1 keB 

l . 0  E 15 
2.0 E 15 
3.0 E 15 
5.0 E 15 
1.0 E 15 
2.0 E 16 
3.0 E 16 

7.2 E 16 
8.0 E 16 

5 .0  E 16 

8.3 E 16 

8.5 E 16 
8.5 E 16 

Reference : 
-.--.I__ 

G. Staudenmaier e t  al., J .  Nucl. Mater. &, 149 (1979) .  

_I.. Accu-: Unknown 

Note:  (1) For a d e f i n i t i o n  of t r a p p i n g  see note 2b a t  t h e  beginning of  
t h i s  s e c t i o n .  
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Trapped Fluence vs. Incident Fluence 

for 580 eV, 700 eV, and 1 keV 0" on Si 

DASH 7 0 Q e V  
CHNBOT l k e V  

.----.c-. -.- 

FLUENCE INCIDENT (D' ions/cm2) 
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Fluence o f  Deuterium Trapped a t  S a t u r a t i o n  

+ 
f o r  D on S i  

(normal. i n c i d e n c e ,  room temperature, 
p o 1 y c r y s t a 1 1 i 11 e t a r g e t  ) 

E n e r a  
(key) 

Fluence Trapped at Saturation 
(D atorns/cm') 

5.0 E-02 
7.0  E-02 
1.0 E-01 
2.0 E-01 
3.0 E-01 

7 . 0  E-01 
1.0 E 00 

5.0 ~-01 

8.0 E 15 
I.1 E 16 
1.4 E 16 
2.5 E 16 

5.4 E 1 6  
'T.0 E 16 
9.2 E 16 

3.5 E 16 

Reference:  
__II___ 

G .  Staudemnaier e t  a l . ,  J .  Nucl. Mater. E, 149  ( 1 9 7 9 ) .  

Accuracy: ?IO% .. ._ 

Note: . . _I 
rcciiiission, see n o t e  2b a t  t h e  beginning  o f  this s e c t i o n .  

(1) F o r  a d e f i n i t i o n  of t rapped  f l u e n c e  and i t s  r e l a t i o n s h i p  t o  
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I 1 1 1 1 I 1 1 ,  I I I 1 I l l , ’  

SOLID D’+Si - 
I 

- - 

Fluence Trapped at Saturation 

for D’ on Si 

lo-’ 
ENERGY (keV) 

1 oo 
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Reeruission of Deuterium a t  Various Temperatures 

i- 
f o r  20-keV D on S i c  

(normal i n c i d e n c e ,  v a r i o u s  t e m p e r a t u r e s ,  
20-keV energy, p o l y c r y s t a l l i h e  t a r g e t )  

Fluence Incident 
(D" -ions/crn2 ) 

Reemission R a t e  (%)  

0.0 E 00 

4.0 E 16 
6.0 E 1.6 
8.0 E 16 
1.0 E 1.7 
2.0 E 17 
4.0 E 7.7 
6.0 E 1'7 
8.0 E 1.7 
1.0 E 18 
1.2 E 18 
1.4 E 18 
1.6 i? 18 
1.8 E 18 
2.0 E 18 

2.0 E 16 

293 K 

0.0 E 00 
2.0 E 00 
2.0 E 00 
3.0 E 00 
3.0 E 00 
3.0 E 00 
3.0 E 00 
4.0 E 00 

8.0 E 00 
l.1. E 01 
1.6 E 01 
2.3 E 01 
3.0 E 01 
3.7 E 01 
4.3 E 01 

6.0 F: 00 

773 K 
0.0 E 00 
3.0 E 00 
1.1.0 E 00 
4.0 E 00 
5.0 E 00 
5.0 E 00 
6.0 E 00 
1.1 E 01 
2.0 E 01  
3.1 E 01 
3.9 E 01 
4.6 E 01 
5.3 E 01 

6.2 E 01  
5.8 E 01 

6.5 E 01 

973 K 
0.0 E 00 
6.0 E 00 
7.0 E 00 
8.0 E 00 
9.0 E 00 
1.0 E 01 
1,6 E 01 
4.1 E 01. 
5.7 E 01 
6.5 E 01 
7.3 E 01 
7.7 E 01 
8.2 E 01 
8.5 E 01. 
8.9 E 01. 
9.0 E 01 

1273 K 

1.6 E 01  
2.0 E 0 1  
2.3 E 0 1  

-.- 

2.5 E 01 
2.9 E 01 
3.6 E 01 
6.8 E 01 
8.6 E 01 
9.3 E 0 1  
9.5 E 0 1  
9.6 E 0 1  
9.7 E 0 1  
9.7 E 0 1  
9.7 E 01 
9.7 E 01  
9.7 E 0 1  

Reference:  -..........__._I 

S .  K.  E r e n t s ,  I n s t .  Phys .  Conf. Ser .  .- 28,  318 (1.976). 

Accuracy : Unknown 

Note:  (1) For  a d e f i n i t i o n  of reemiss ion  and how i t  r e l a t e s  t o  t r a p p i n g ,  
see note  2a a t  t h e  beginning of t h i s  s e c t i o n .  
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120.0 

100.0 

n 
I- 
Z w 80.0 
0 

W E! 
W 2 60.0 

CK 
z 
0 
i7i 
v, 

W 
iJ 
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40.0 

20.0 

0.0 

Reemission of Deuterium 

for 20 keV B' on Sic 
I I I I 1 r 1 I f 

SOLID 293 O K  1 
DASH 7 7 3 ' ~  
CHNDOT 973'K 
DOT 1273 O K  

......................................... ............ ..... .. 

i 

I I I I I I I I I 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
FLUENCE INCIDENT (0' ions/cm2 ~10'') 
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Trapping C o e f f i c i e n t  as  a Func t ion  of 

Dose f o r  18-keV I) Impact on T i  
+ 

(normal i n c i d e n c e ,  v a r i o u s  t e m p e r a t u r e s ,  
18-keV ene rgy ,  p o l y c . r y s t a l l i n e  t a r g e t )  

E'luenc e lric ident 
(D" ions/cm2) 

Trapping Coefficient 

8.0 E 16 
i..o E 17 
2.0  E 17 

5.0 E 17 
'1.0 E 17 

2.0 E 18 

3.0 E 17 

1.0 E 18 

3.0 E 18 
5.0 E 18 

8.7 E-01 
8.6 E-01 

9.4 E-01 9.2 E-01 5.0 E-01 
9.3 E-01 8.9 E-01 3.9 E-01 
9.2 E-01 8.6 E-01 3.5 E-01 
9.0 E-01 8.3 E-01 3.1 E-01 
8.8 E-01 7.7 E-01 2.6 E-01 
8.6 E-01. 7.3 E-01 2.4 E-01 
8.3 E-01 6.8 E-01 2.2 E-01 

6.8 E-01 

8.3 E-01 
7.8 E-01 

3.4 E-01 

2.0 E-01 

1.4 E-01 
1.3 E-01 
1.2 E-01 

4.7 E-01 

2.3 E - O ~  

1.7 E-01 

Re€erence:  

E. S .  Ho t s ton  and G .  M. McCracken, J .  Nucl. Mater. 68 ,  2 7 7  (1977) .  

Accuracy-: Unknom 

Notes:  
beg inn ing  o f  t h i s  s e c t i o n .  

(1) For a d e f i n i t i o n  of t r a p p i n g  c o e f f i c i e n t  see n o t e  2d a t  t h e  

( 2 )  A t  l o w  dose  t h e  c o e f f i c i e n t  should t end  a s y m p t o t i c a l l y  t o  
0.97 because 3% of t h e  beam i s  b a c k s c a t t e r e d .  
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Trapping C o e f f i c i e n t  as a Funct ion  of Temperature 

a t  a Fixed Fluence ( o r  Dose) f o r  I.8-keV D+ Tncident on T i  

(normal i n c i d e n c e ;  v a r i o u s  tempera tures ;  f i x e d  f l u e n c e ,  
o r  dose ,  of 5 x l.O1* i o n s  anv2; energy of 18 keV; 

p o l y c r y s t a l l i n e  t a r g e t )  

Temp e r at u1" e Trapping  Coefficient 
(K) 

1.0 E 02 
2.0 E 02 
3.0 E 02 
4.0 E 02 

6.0 E 02 

8.0 E 02 
9.0 E 02 

5.0 E 02 

7.0 E 02 

1.3 E-01 
8.0 E-01 
9.6 E-01 
9.6 E-01 
8.8 E-01 
4.4 E-01 
1.7 E-01 
5.0 E-02 
3.0 E-02 

Reference:  ..... 

G .  M. McCracken e t  a l . ,  Proc .  4 t h  I n t .  Vacuum Congress,  I n s t .  Phys. Conf. 
S e r .  5, 1 4 9  (1968) .  

___.... Accuracy: - Unknown. The random scat ter  of t h e  d a t a  p o i n t s  about  t h e  l i n e  
g iven  h e r e  i s  approximately 210%. 

Notes:  (1) For a d e f i n i t i o n  of t r a p p i n g  c o e f f i c i - e n t  see n o t e  2d a t  t h e  
beginning  o€ t h i s  s e c t i o n .  

( 2 )  'The d a t a  a r e  f o r  a f i x e d  incident :  € l u e n c e  (o r  dose)  o f  
5 x 1018 D' i o n s  cm-?. 
w i t h  i n c i d e n t  f l u e n c e ,  see a d j a c e n t  f i g u r e s .  

For i n f o r m a t i o n  on how t r a p p i n g  c o e f f i c i e n t  v a r i e s  
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Trapping Coe f f i ic ien t v s. Te m per a t ur e 

for 18 keV D' Incident on Ti 

.... 
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Trapping C o e f f i c i e n t  as a Punc t ion  of  Energy 

a t  a Fixed Dose f o r  H+ I n c i d e n t  on T i  

(normal i n c i d e n c e ,  t empera tu re  i n  t h e  
r e g i o n  403 t o  503 K)  

Trapping Coefficient 

3.0 E-01 

1.0 E 00 
2.0 E 00 
3.0 E 00 
4.0 E 00 
5.0 E 00 
6.0 E 00 

5.0 E-01 
1.7 E-01 
4.5 E-01 
7.8 E-01 
8.2 E-01 
9.0 E-01 
9.4 E-01 
9.7 E-01 
9.5 E-01 

Ref erenqe-: 

J. Bohdansky e t  a l . ,  J .  Nucl.  Mater. - 63, 115 (1976) .  

Accuracy-: See below. 

____I Notes:  
beginning o f  t h i s  s ec t i . on .  

(1) For a d e f i n i t i o n  of t r a p p i n g  c o e f f i c i e n t  see n o t e  2d a t  t h e  

( 2 )  Below 1 keV t h e  d a t a  a re  b e l i e v e d  t o  r e p r e s e n t  n o t  T i ,  but. 
r a t h e r  t i t a n i u m  o x i d e ,  which e x i s t s  as a f i l m  on t h e  s a m p l e .  ‘rhus, below 
1 keV t h e  accu racy  of  t h e  d a t a  ( i n s o f a r  as  t h e y  r e f e r  t o  T i )  are  s u s p e c t .  

( 3 )  Fluence o r  dose used i n  t h e  bombardment was between 3 x 
and 5 x 1020 i o n s  cm-2. 
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Fluence Trapped a t  S a t u r a t i o n  

€or  i) on S t a i n l e s s  S tee l  
+ 

(normal i n c i d e n c e ,  90 K o r  150 K tempera ture)  

Energy Fluence Trapped. at Saturation 
1 (D atoms/can2) 

1.25 ~-a .  
2.0 E-01. 
3.0 E-01 
5.0 E-01 
7.0  E-01 
1.0 E 00 
2.0 E 00 
3.0 E 00 
5.0 E 00 
7.0 E 00 
1.0 E 01 
1.5 E 01 

2.4 E 16 
3.6 E 16 
5.3 E 16 
8.8 E 16 
1.2 E 1'9 
1.7 E 17 
3.4 E 17 
5.0 E 1'7 
8.1. E 17 
1.0 E 18 
1.3 E 1.8 
1-6 E 18 

~ References:  .. . . .. . . . 

E .  N. Thomas, J .  Appl .  Phys .  - 51, 1.176 (1980). 
R. S .  R l e w e r  e t  a l . ,  .J. Nucl. Mater. 76  and - 7 7 ,  305 (1978). 

-.._.I. Accu-rax: t10% 

Notes:  (1) For  a d e f i n i t i o n  of t rapped  f l u e n c e  and i t s  r e l a t i - o n s h i p  t o  
reemiss ion ,  see n0t.e 2b a t  t h e  beginning  of t h i s  s e c t i o n .  

( 2 )  Data up t o  1 keV are  by Thomas and a r e  f o r  a tempera ture  of 
90 K.  Data a t  1 keV and above a r e  by B l e w e r  e t  a l . ,  a t  a tempera ture  of 
150 I(. The t w o  d a t a  sets a r e  i n  agreement a t  1 keV. 

( 3 )  The work by Thomas use:; t y p e  304 s t a i n l e s s  steel.; t h e  work 
by Blewer u s e s  t y p e  321.  
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Fluence Trapped at Saturation 
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Reemission of Deuterium ~ i i e  to D+ Impact on 

Stainless Steel (Type 304)  at Low Temperature 

(normal incidence, 90 K temperature) 

Fluence Incident 
(D+ ions/cm2) 

Reemission Rate ( % )  

0.0 E 00 

4.0 E 16 
5.0 E 16 
6.0 E 16 
8.0 E 16 

2.0 E 16 

1.0 E 17 
1.2 E 17 

1.8 E 17 
2.0 E 17 
2.5 E 17 

1.4 E 17 
1.6 E 17 

3.0 E 17 
3.5 E 17 
4.0 E 17 

5.0 E 01 4.0 E 01 
5.0 E 01 4.0 E 01  
5.5 E 0 1  4.6 E 01 

9.5 E 01  5.9 E 01 

1 . 0  E 02 8.5 E 0 1  
9.7 E 01  
1 . 0  E 02 
1.0 E 02 

8.5 E 01 5.2 E 01 

1 .0  E 02 7.2 E 01 

4.0 E 01 
4.0 E 01 
4.0 E 01 
4.0 E 01 
4.0 E 01 
4.0 E 01 
4.0 E 01 

7.6 E 01 

9.9 E 01  
1 . 0  E 02 
1.0 E 02 

5 .1  E 01 

9.6 E 01 

3.5 E 01 
3.5 E 01 
3.5 E 01 
3.5 E 0 1  
3.5 E 0 1  
3.5 E 0 1  
3.5 E 01  
3.5 E 01  
3.5 E 0 1  
3.8 E 01 

6.3 E 0 1  
8.8 E 0 1  
9.8 E 01  
1 . 0  E 02 
1.0 E 02 

5.2 E 01 

Reference: 

E. W. Thomas, J. Appl. Phys. 51, 1176 (1980). 

Accuracy: 210% 

__I___ Notes: 
trapping, see note 2b at the beginning of this section. 

(1) For a definition of reemission rate and how it relates to 

(2) Further data f o r  higher Df energies are  to be found in the 
f o l l o w i n g  tah1.e. 
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Reemission of  Deuterium Due t o  D+ Impact 

on S t a i n l e s s  S t e e l  (Types 304 and 321)  a t  

1,ow Tempera t ui-e 

(normal i n c i d e n c e ,  90 t o  120  K t empera tu re )  

E'luenc e I n c  ideat  
(n+ ions/cm') 

Reemission Rate ( % )  

0.0 E 00 
1.0 E 17 
2.0 E 17 
3.0 E 1'7 
4.0 E 17 
6.0 E 17 
8.0 E 17 
1.~0 E 18 
1.2 E 18 
1.5 E 18 
2.0 E 18 
2.5 E 18 
3.0 E 18 
3.5 E 18 
4.0 E 18 

D+ (1 keV) 

3.0 E 01 
3.0 E 01 

7.3 E 01 

9.8 E 01 
1.0 E 02 
1.0 E 02 

h q b  E 01 

8.4 E 01 

1.6 E 01 
1.6 E 01 
1.6 E 01 
1*6 E 01 
1.8 E 01 
2.3 E 01 
4.3 E 01 
6.8 E 01 
9.0 E 01 
1.0 E 02 
1.0 E 02 

D'" ( ' T  keV) D+ (14 keV) 

1.3 E 01 
1.3 E 01 
1.3 E 01 
1.3 E 01 
1.4 E 0.1 
1..6 E 01 
1.8 E 01 

8.8 E 01 
9.7 E 01 
1.0 E 02 
1.0 E 02 

3 . 2  E 01 
5.4 E 01 

4.0 E 00 
4.0 E 00 
)4*0 E 00 
4.0 E 00 
4.0 E 00 
5.0 E 00 
6.0 E 00 
7.0 E 00 
1.6 E 01 
3.0 E 01 
5.0 E 01 
7.0 E 01 
9.0 E 01 
9.7 E 01 
1.0 E 02 

...... Refe rences :  .... 

R. S.  B l e w e r  e t  a l . ,  J .  Nucl. Mater. 76 and 7 7 ,  305 (1978)  ( d a t a  f o r  4 ,  7 ,  
and 14 keV a t  120 K t empera tu re ;  E.  a:'-ThomaC Georgia  I n s t i t u t e  of 
Technology, J.  Appl. Phys . -. 51 1176 (1.980) . 
Accuracy: +lo% 

Notes:  (I)  For a d e f i n i t i o n  of r e e m i s s i o n  r a t e  and how i t  re lates  t o  
t r a p p i n g ,  see n o t e  2a a t  t h e  beg inn ing  of t h i s  s e c t i o n .  

( 2 )  F u r t h e r  d a t a  f o r  l o w e r  D+ e n e r g i e s  are t o  h e  found i n  t h e  
p reced ing  t a b l e .  

( 3 )  Type 304 s t a i n l e s s  s t ee l  was used f o r  t h e  1-keV d a t a ,  t y p e  321 
f o r  t h e  reiiiainder . 
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Keemission of Deuterium Due to D+ Impact on Stai.nl-ess 

Steel at Room Temperature and Above 

(normal incidence; data are f o r  room 
temperature, but 500 K data are identical) 

FZuenc e Inc ident 
( D+ ions /cm2 ) 

Reemission rate ( % )  

0.0 E 09 
1.0 E 16 
2.0 E 16 
4.0 E 16 
6.0 E 1.6 
8.0 E 16  
1 .0  E 1.7 
1.2 E 17 
1.4 E 17 
1.6 E 17 
1.8 E 17 
2.0 E 17 
2.2 E 17 
2.4 E 17 

Df (500 e V )  

4.0 E 0 1  3.5 E 01  
7.8 E 01 5.5 E 01 
9.2 E 01 7.2 E 01 
1.0 E 02 
1.0 E 02 

8.7 E 01 
9.4 E 01 
9.8 E 0 1  
1.0 E 02 
1.0 E 02 
l..O E 02 

D' (1000 e V )  

3.0 E 01 
4.2 E 01 
5.3 E 01  
6.7 E 01 
7.5 E 01 
8.1 E 0 1  
8.5 E 0 1  
8.9 E 03. 
9.1 E 01 
9.3 E 01 
9.4 E 0 1  

9.7 E 01 
9.8 E 01 

9.6 E 01 

Reference: _ _ . . - _ ~  

E. W. 'Thomas, J. Appl. Phys. 51, 11-76 (1980) .  

A c c u r - :  ? l o %  

Notes: (1) F o r  a definition of reemission rate and how i.t relates to 
trapping, see note 2a at the beginning of t:his section. 

(2) Type 304 stainless steel was used. 
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Replacement E f f i c i e n c y  of D i n  S t a i n l e s s  S t ee l  

by Subsequent B Impact 

(normal i n c i d e n c e ,  t empera ture  150 K)  

The d a t a  f o r  f o r  1-, 4-, 7-, and 14-keV D r e p l a c e d ,  
r e s p e c t i v e l y ,  by I - ,  4 - ,  7 - ,  and 14-keV 111; 

t h e  resu1.t is  independent  of energy.  

Fl.uence 
Relative to 
Sa tu ra t ion  

(nH'"sat ) 

Replacement Eff ici.ency 
Deuteriwn Released per 
Inciden-t Proton dn /dnH D 

0.0 E 00 
5.0 E-01 
1.0 E 00 
1.5 E 00 
2.0 E 00 
2.5 E 00 
3.0 E 00 
3.5 E 00 

l . 0  E 00 

2.8 E-01 
5.4 E-01 

1.6 E - O ~  
1.1 E-03. 
1.0 E-01 
8.0 E-02 
6.0 E-02 

Reference:  

R. S .  B l e w e r  e t  a l . ,  .I. Nucl. Mater. 76 and - 7 7 ,  305 ( 1 9 7 8 ) .  

Accuracy: 210% 

Notes:  (1) F o r  e x p l a n a t i o n  of  t h i s  parameter  see n o t e  2g a t  t h e  begi -nning  
o f  t h i s  s e c t i o n .  

( 2 )  Type 321  s t a i n l e s s  s t ee l  w a s  used .  
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Reemission of Deuterium Due t o  Df Impact on N i  

a t  Various Temperatures 

(normal inc-idence,  v a r i o u s  tempera tures ,  
I.8-keV energy)  

-- I - 
Pluence Incident 
(P ions/cm2 ) 

Reemission Rate ( % )  

0.0 E 00 

2.0 E 16 
3.0 E 16 
4.0 E 16 
5.0 E 16 
7.0 E 16 

1.5 E 17 

2.5 E 17 

1.0 E 16 

1.0 E 17 

2.0 E 17 

208 K 

0.0 E 00 
3.0 E 00 
6.0 E 00 

8.0 E 00 
8.0 E 00 
8.0 E 00 
8.0 E 00 

1.8 E 01 

7.0 E 00 

9.0 E 00 

273 K 

0.0 E 00 
5.0 E 00 

1.2 E 01 

1.8 E 01 
2.4 E 01 
3.3 E 01 
4.3  E 01 
4.8 E 01 

9.0 E 00 

1.5 E 01 

5.3  E 01 

323 K 

0.0 E 00 
4.9 E 01 
6.3 E 01. 
6.8 E 01 
7.1 E 01 

7.4 E 01. 

7.3 E 01 
7.4 E 01 

Reference:  

K .  E r e n t s  and G .  M. McCracken, B r .  J .  A p p l .  Phys. ( J .  Phys. D)  S e r .  2 ,  
- 2 ,  1397 (1969).  

Accuracy: Unknown 

Notes:  (1) For a d e f i n i t i o n  of reemiss ion  and how i t  r e l a t e s  t o  t r a p p i n g ,  
see n o t e  2a a t  the  beginning of this s e c t - i o n .  

( 2 )  A measurement a t  lower tempera ture  (77 K) i s  g iven  by K .  E r e n t s  
and G .  M. McCracken, R a d i a t .  E f f . ,  2, 1 2 3  (1970) .  
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Trapped Fluence as a Function of Incident Fluence 

-t 
f o r  U on Mo w i ~ h  Various Predamage Conditions 

(normal incidence; room temperature; 8-keV 

the f luences shown; sing1 e crystal target) 

D + energy; predamage by 11-keV He' to 

Fluence Incident 
( D' ions /em2 ) 

Fluerice Trap e d  
(D a-t;orns/cm P ) 

No _-_- Predmage Pr edamage 
6~1.0 l4 ~e /em' 

0.0 E 00 

2.0 E 16 
3.0 .E 26 
4.0 E 16 
5 .0  E 16 
6.0 E 16 
'7.0 E 16 
8.0 E 16 

1.0 E 17 

1.0 E 16 

9.0 E 16 

0.0 E 00 

5.5 E 15 
8.0 E 15 
1.0 E 16 
1.1 E 16 
1.2 E 16 

1.4 E 16 

2.5 E 15 

1.3 E 16 

1.5 E 16 
1.6 E 16 

0.0 E 00 

1.1 E 16 
1.3 E 16 
1.5 E 16 
1.7 E 16 
1.8  E 16 
2.0 E 16 
2.2 E 16 
2.3 E 16 
2.5 E 1.6 

7.0 E 1.5 

Predamage 
I 3x10 'He/cm2 

0.0 E 00 
7.0 E 15 
1.3 E 16 

2.3 E 16 
2.5 E 16 
2.7 E 16 

3.0 E 16 

3.4 E 16 

2.0 E 16 

2.8 E 16 

3.2 E 16 

Predmage 
lo1 611e/cm2 

0.0 E 00 
7.0  E 1.5 
1.3 E 16 

3.3 E 16 
3.6 E 16 
3.8 E 1.6 
4.0 E 16 
4.3 E 16 
4.5 E 16 

2.0 E 1.6 
2.7 E 16 

Re Eerence : - . ~  

J. Rottinger et al., J. Appl. Phys. - 4 8 ,  920 ( 1 9 7 7 ) .  

...-.. Accuracy: Unknown 

I Notes: .I.._- 
this section. 

(1) For a definition of trapping see note 2b at the beginning of 

(2) "Predamage" is created by a preliminary bombardment with 11-keV + He to the  dose indicated; no quantitative measure of the damage was made. 

( 3 )  The cited reference includes additional data for predamage 
with other projectiles (NeC,  Si+). 

( 4 )  The data are for an aligned signel crystal of Mo. Limited 
studies on polycrystalline Mo show similar behavior [see S .  T. Picraux 
et al., J. Nucl.. Mater. 63, 11.0 ( 1 9 7 6 ) l .  

(5) Additional data are t o  be found in work by G .  Pi. McCracken 
and S. K. Erents, in &plications of IoqBeams to Metals, ed. by S. T. 
Picraux et al. (Plenum - f i b l .  Corp. ? New York, 1 9 7 4 ) ,  p. 585. 
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s o l u b i l i t y  F-8 
s p u t t e r i n g  c o e f f i c i e n t s  A-8, 9 ,  18, 19 
s p u t t e r i n g  th re sho ld  energy A-3 

C-34, 35 

M+ p r o j e c t i l e  
s p u t t e r i n g  c o e f f i c i e n t  A-18, 19 

un+ p r o j e c t i l e  
secondary e l e c t r o n  emission C-32, 33 

Au target 
e l e c t r o n  r e f l e c t i o n  D-6, 7 
r a t i o  secondary emission c o e f f i c i e n t  (Heo/He+> 
recombination F-9 
secondary emission coe f f i c i en t - e  impact B-4, 5 
secondary emission coe f f i c i en t - ion  impact C-32, 33 
s p u t t e r i n g  c o e f f i c i e n t  A-20, 21,  22, 23,  28 
s p u t t e r i n g  threshold  energy A-3 

C-38, 39 

AU+ p r o j e c t i l e  
s p u t t e r i n g  c o e f f i c i e n t  A-20, 21 

B e  t a r g e t  
s p u t t e r i n g  threshold  energy A-3 

Brass t a r g e t  
r a t i o  secondary emission c o e f f i c i e n t  (Ho/H+) C-34, 35 
r a t i o  secondary emission c o e f f i c i e n t  (Heo/He") C-38, 39 



I- 2 

C t a r g e t  
ene rgy  r e f l e c t i o n  E-8, 9 
p a r t i c l e  r e f  l e c t i o r i  E-6, 7 
r e e m i s s i o n  ra te  F-16, 17 
secondary emis s ion  coeff  i c i e n t - e  impact B-2, 3 
s econdary  emis s ion  c o e f f i c i e n t - i o n  impact C-2, 3 
s p u t t e r i n g  c o e f f i c i e n t  A-6, 7 ,  24, 25 
s p u t t e r i n g  energy t h r e s h o l d  A-3 
t r a p p i n g  c o e f f i c i e n t  F-10, 11, 12 ,  13 
t r a p p i n g  c o e f f i c i e n t  ( s a t u r a t i o n )  F-14, 15  

C* p r o j e c t i l e  
s econdary  emis s ion  c o e f f i c i e n t  C-4, 5 

cn+ p r o j e c t i l e  
secondary emis s ion  c o e f f i c i e n t  C-30, 31 

Co t a r g e t  
s p u t t e r i n g  c o e f f i c i e n t  A-28 

C r  t a r g e t  
s p u t t e r i n g  c o e f f i c i e n t  A-18, 19 

C r +  p r o j e c t i l e  
s p u t t e r i n g  c o e f f i c i e n t  A-18, 19 

Cu t a r g e t  
d i f f u s i v i t y  F-8 
e l e c t r o n  r e f l e c t i o n  D . 4 ,  5 
r a t i o  secondary emis s ion  c o e f f i c i e n t  ( H o / H f )  
r a t i o  secondary emis s ion  c o e f f i c i e n t  (H-/H+) 
Secondary emis s ion  c o e f f i c i e n t - i o n  impact C-10, 11, 30, 31 
s o l u b i l i t y  F-8 
s p u t t e r i n g  c o e f f i c i e n t  A-18, 19 

C-34, 35 
C-36, 37 

cu' p r o j e c t i l e  
s p u t t e r i n g  c o e f f i c i e n t  A-18, 19 

D p r o j e c t i l e  
r ecombina t ion  F-9 
s p u t t e r l n g  t h r e s h o l d  energy A-3 

D+ p r o j e c t i l e  
ene rgy  r e f l e c t i o n  c o e f f i c i e n t  E-8, 9 ,  16 ,  17 ,  20,  2 1 ,  24, 25 
p a r t i c l e  r e f l e c t i o n  c o e f f i c i e n t  E-6, 7 ,  14 ,  15 ,  18, 19,  22, 23 
reerniss ion ra te  F-16, 17 ,  24, 25,  34 ,  35, 36, 37,  38, 39, 4 2 ,  43 
s p u t t e r i n g  c o e f f i c i e n t s  A-6, 7 ,  8 ,  9 ,  10 ,  11, 12,  13, 14 ,  15 ,  

s p u t t e r i n g  t h r e s h o l d  energy A-3 
t r a p p i n g  c o e f f i c i e n t  F-10, 11, 12 ,  13,  18, 19,  20, 21, 26, 27, 

2 8 ,  29, 44,  45 
t r a p p i n g  c o e f f i c i e n t - s a t u r a t i o n  F-14, 15 ,  22,  2 3 ,  32 ,  33 

1 6 ,  17 
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... 

.... 

Elec t ron  p r o j e c t i l e  
r e f l e c t i o n  c o e f f i c i e n t  D-2, 3, 4, 5, 6, 7 ,  8, 9, 10, 11 
secondary e l e c t r o n  emission B-2, 3, 4, 5, 6, 7 ,  8, 9, 10, 11, 12, 

13 

E lec t ron  r e f l e c t i o n  
i n c i d e n t  angle  

r e f l e c t i o n  c o e f f i c i e n t  
e + Ti D-10, 11 

e + A g  D-6, 7 
e + A l  D-2, 3 
e + A u  D-6, 7 
e + C  D-2, 3 
e + C u  D-4, 5 
e + Fe D-2,  3 
e + M o  D-4, 5 
e + N i  D-4, 5 
e + T i  D-2, 3 
e + T i c  D-8, 9 
e + W D-6, 7 

Graphi te  t a r g e t  
secondary emission coe f f i c i en t - e  impac t  B-12, 13 

H p r o j e c t i l e  
d i f f u s i v i t y  F-8 
r a t i o  secondary emission C-34, 35 
recombination F-9 
s o l u b i l i t y  F-8 
s p u t t e r i n g  threshold  energy A-3 

H+ p r o j e c t i l e  
charge state d i s t r i b u t i o n  E-26, 27 
chemical s p u t t e r i n g  A-24, 25 
degass ing  C-26, 27, 28, 29 
energy d i s t r i b u t i o n  E-28, 29 
energy r e f l e c t i o n  c o e f f i c i e n t s  E-8, 9 ,  12, 13, 16, 17, 20, 21, 

p a r t i c l e  r e f l e c t i o n  c o e f f i c i e n t s  E-6, 7,  10, 11, 14, 15, 18, 19, 

replacement e f f i c i e n c y  F-40, 41 
secondary e l e c t r o n  emission-ion impact C-2, 3, 4, 5, 6,  7 ,  8, 9 ,  

24, 25 

22,  23 

10, 11, 12, 13, 20, 21 ,  
22,  23, 34, 35, 36, 37 

s p u t t e r i n g  c o e f f i c i e n t  A-6, 7, 8, 9 ,  10, 11, 12, 13, 1 4 ,  15, 16, 

t r app ing  c o e f f i c i e n t  F-44, 45 
17  

H*+ p r o j e c t i l e  
secondary emission c o e f f i c i e n t s  C-2, 3, 4, 5, 6 ,  7, 8, 9 ,  10, 11, 

12 ,  13, 20, 21,  26,  27 
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I I ~ +  p r o j e c t i l e  
s econdary  emi.ssion c o e f f i c i e n t  C-20, 2 1  

Heavy p a r t i c l e  r e f l e c t i o n  
c a l c u l a t e d  compendium E-2 
cha rge  s t a t e  d i s t r i b u t i o n  
H+ + SS E-24,  27 

d a t a  compendium E-3 
energy d i s t r i b u t i o n  E-2 

ene rgy  r e f l e c t i o n  c o e f f i c i e n t s  
n+ + ss E-28, 29  

D+ + C E-8, 9 
D+ + Fe (SS) 
11' f Mo E-24, 25 
D". f T i  E-16, 1 7  
H+ + Al E-12, 13 

H+ f Fe ( S S )  E-20, 2 1  
H+ + Mo E-24, 2 5  
11' + Ti E-14, 17 
He+ + Al E:-12, 13 
He+ + C E-8, 9 
He+ + Fe (SS)  E-20, 2 1  
He+ + Mo E-24, 25 
He+ 3- T i  E-16, 17  

E-20, 2 1  

H+ f C E-8, 9 

e xpe rimen t a1 compe ndiuni E-5 
p a r t i c l e  r e f l e c t i o n  c o e f f i c i e n t s  
D+ + C E-6, 7 

Df + I% E-22, 2 3  
D+ + T i  E-14, 15 

Hf + C E-6, 7 
H+ + W (SS) E-18,  19 
H+ + I% E-22, 2 3  
H' 3- T i  Fd-149 15 
He' + A l  E-10, 11 
He' + C E-6, 7 
He' 4- Fe (SS)  E-18, 19 
H e +  -t- Mo E-22, 23 
He+ + T i  E-14, 15 

Df + Fe (SS)  E-18, 19 

H+ f A l  E-10,  11 

s c a l i n g  l a w  E-2 

3 1 t ~  p r o j e c t i l e  
s p u t t e r i - n g  threshold  energy A-3 

~ e '  p r o j e c t i l e  
r a t i o  secondary emis s ion  C-38,  39 
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He' p r o j e c t i l e  
chemical s p u t t e r i n g  A-24, 25 

... 

energy r e f l e c t i o n  c o e f f i c i e n t  E-8, 9 ,  12 ,  13, 16 ,  17 ,  20, 21,  24,  
2 5  

p a r t i c l e  r e f l e c t i o n  c o e f f i c i e n t  E-6, 7 ,  10, 11, 14, 15, 18, 19,  

r a t i o  secondary emission C-38, 39 
secondary e l e c t r o n  emission C-8, 9 ,  10, 11, 16,  17, 18, 19 

22,  23 

4He+ p r o j e c t i l e  
secondary emission c o e f f i c i e n t  C-4, 5 ,  12 ,  13, 16,  17 ,  18, 19 
s p u t t e r i n g  c o e f f i c i e n t s  A-6, 7, 8, 9 ,  10 ,  11, 12,  13, 14, 15, 16,  

s p u t t e r i n g  threshold  energy A-3 
1 7  

Inconel  target 
d i f f u s i v i t y  F-8 
s o l u b i l i t y  F-8 

Fe t a r g e t  
e l e c t r o n  r e f l e c t i o n  c o e f f i c i e n t  D-2, 3 
p a r t i c l e  r e f l e c t i o n  c o e f f i c i e n t  E-18, 19 
s p u t t e r i n g  threshold  energy A-3 

Mo t a r g e t  
d i f f u s i v i t y  F-8 
e l e c t r o n  r e f l e c t i o n  c o e f f i c i e n t  E-4, 5 
energy d is t r ibu t ion-secondary  e lec t rons- ion  impact C-16, 17 
energy r e f l e c t i o n  c o e f f i c i e n t  E-24, 25 
ou tgass ing  - degassing C-28, 29 
p a r t i c l e  r e f l e c t i o n  c o e f f i c i e n t  E-22, 23 
r a t i o  secondary emission c o e f f i c i e n t  (H'-/H+) 
r a t i o  secondary emission c o e f f i c i e n t  (Ho/H+) 
r a t i o  secondary emission c o e f f i c i e n t  (O-/Of) 
secondary emission coeff i c i e n t - e  impact B - 4 ,  5 
secondary emission coef f i c l e n t - i o n  impact C-12, 13 
s o l u b i l i t y  F-8 
s p u t t e r i n g  c o e f f i c i e n t  A-12, 13, 20,  21  
s p u t t e r i n g  threshold  energy A-3 
t r app ing  c o e f f i c i e n t  F-44, 45 

C-36, 37 
C - 3 4 ,  35 
C-36, 37 

MO+ p r o j e c t i l e  
s p u t t e r i n g  Coef f i c i en t  A-20, 2 1  

Nb t a r g e t  
s p u t t e r i n g  c o e f f i c i e n t  A-20, 21, 28 

~ b +  p r o j e c t i l e  
s p u t t e r i n g  c o e f f i c i e n t  A-20, 21 
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Neutron p r o j e c t i l e  
s p u t t e r i n g  c o e f f i c i e n t  A-28 

N i  target 
d i f f u s i v i t y  F-8 
e l e c t r o n  r e f l e c t i o n  D-4, 5 
i n c i d e n t  a n g l e  6-22, 23 
r a t i o  secondary emis s ion  c o e f f i c i e n t  (Ho/H+) 
r a t i o  secondary emis s ion  c o e f f i c i e n t  (Heo/He+> 
r e e m i s s i o n  rate F - 4 2 ,  43 
secondary  emis s ion  c o e f f i c i e n t - e  impact B - 4 ,  5 
secondary  emis s ion  coef f i c i e n t - i o n  impact C-8, 9 
s o l u b i l i t y  F-8 
s p u t t e r i n g  c o e f f i c i e n t  A-18, 19, 26 ,  27 
s p u t t e r i n g  t h r e s h o l d  energy A-3 

C-34, 35 
C-38, 39 

Ni' p r o j e c t i l e  
s p u t t e r i n g  c o e f f i c i e n t  A-18 , 19 

O+ p r o j e c t i l e  
s econdary  emis s ion  c o e f f i c i e n t  C-4, 5 ,  12, 13 
s p u t t e r i n g  c o e f f i c i e n t s  A-26, 27 

o 2+ p r o j e c t i l e  
secondary emis s ion  c o e f f i c i e n t  C-14, 15 

o 2+* p r o j e c t i l e  
secondary emis s ion  c o e f f i c i e n t  C-14, 15 

Secondary e l e c t r o n  emiss ion  c o e f f i c i e n t s  
e l e c t r o n  impact c o e f f i c i e n t s  

e J- A1 B-2, 3 
e f Au R - 4 ,  5 
e -t C €3-2, 3 
e + g r a p h i t e  B-12, 13 

e 4- N i  R - 4 ,  5 
e + SS B-4, 5 
e -?- 'H B-2, 3 ,  6 ,  7 

e 4- pa0 R - 4 ,  5 

e I- T I C  B-8, 9 
i n c i d e n t  a n g l e  

e f T i  B-10, 1 1  

Secondary e l e c t r o n  emiss ion  c o e f f i c i e n t s  
i o n  impact c o e f f i c i e n t s  

H+ -4- Z C-20, 2 1  

Al'? -t Au C-32, 33 

Atomic nurnbe r 

+ 4- z c-20, 21 
I1 2+ I- z 6-20, 2 1  

c+ -b N c-4, 5 
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Cn+ + Cu C-30, 31 

H+ + C C-2, 3 
H+ + CU c-10, 11 
H+ + Mo C-12, 13 
H+ + Ni C-8, 9 
H+ + T i  C-6, 7 

H+ + Al c-4, 5 

+ + A l  c-4, 5 
H2+ + c c-2, 3 
H2+ + cu c-10, 11 
H2+ + Plo C-12, 13 

t i 2 1  + T i  C-6, 7 
H e  4- A l  C-4, 5 
He+ + Cu C-10, 11 
He+ + Mo C-12, 13 
~ e +  + Ni c-a, 9 
o+ f Al c-4, 5 
0' + Mo C-12, 13 
O2+ + MO C-14, 15 
02+* + Mo C-14, 15 

e n e r  y d i s t r i b u t i o n  
He + Mo C-16, 17 
He+  + W C-18, 19 

H+ f Ni C-22, 23 

T 
incident angle  

out assing o r  degassing 

H$+ + Ti C-26, 27 
H f + Ti C-26, 27 

H -t MO C-28, 29 

A I  C-34, 35 
ratio @/H+ secondary emission 

Ag c-34, 35 
Brass C-34, 35 
cu c-34, 35 
CuO-Be C-34, 35 
Mo c-34, 35 
Ni C-34, 35 
ss c-34 35 

CU C-36, 37 
MO C-36, 37 
SS C-36, 37 
W C-36, 37 

t r a t i o  H-/H secondary emission 

r a t i o  Heo /He+  secondary emission 
~g c-38, 39 
AU c-38, 39 
Brass C-38, 39 
Ni C-38, 39 
W C-38, 39 

time to form monolayer C-24, 25 



I- 8 

S i  t a r g e t  
s p u t t e r i n g  t h r e s h o l d  energy A-3 
t r a p p i n g  c o e f f i c i e n t  F-18, 19 ,  20, 21 
t r a p p i n g  c o e f f i c i e n t  a t  s a t u r a t i o n  F-22, 23 

Sic t a r g e t  
r e e m i s s i o n  rate F-24, 25 

S p u t t e r i n g  
chemical  
H' -+ C A-24 ,  25 
Hed'. Q C A-24,  25 

A l +  4- Al A - 1 8 ,  19 
Ag' 4 Ag A - 2 0 ,  2 1  
Au' -k Au A-20 ,  21 
CU' -t CU A-18,  19 
Cr' + Cr A-18 ,  19 
D' .t AI A-8, 9 
D' + C A-6, 7 
11' + MO A-12 ,  13 
D' -4- SS A-14,  15 
D4- -4- ai -4-10, 11 
DS + T i c  A-16, 17 
H4- + Al A-8, 9 
H+ -+ C A-6, 7 
H+ + 16 A-12 ,  13 
H+ -t- SS A-14 ,  15 
H+ + T i  A-10,  11 
H' 4- TiC A - 1 6 ,  17 
'He+ + Al A-8, 9 
4Hef + C A-6, 7 
'%e* + MO A-12 ,  13 
'He' + SS A-14 ,  15 
'%ee+ + T i  A-IO,  11 
'+He+ + T i c  A-16 ,  17 
Mo+ 4- P i 0  A-20,  2 1  
Nb' 4- Nb A-20 ,  21 
Ni' -t- N i  A-18,  19 
0" -I- N i  A-26 ,  27 
0' -4- LJ A-26,  27 
P + Y A-20 ,  21  
Z n f  -t Zn A - 1 8 ,  19 

c o e f f i c i e n t s  

e ne rgy d i s  t ri bu t  i o n  

i n c i d e n t  a n g l e  A-3 
molecul.es A-4 
n e u t r o n  c o e f f i c i e n t s  

H+ + Au A-22, 23 

II -+ V A-28 
n 1- Co A-28 
II 4- Nb A-28 
II 4- AU A-28 
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t h r e s  ho 1 d energy 
D + Al A-3 
D + ALI A-3 
D + Be A-3 
D + C A-3 
D + Fe A-3 
D + MO A-3 
D + Ni A-3 
D + Si A-3 
D + Ta A-3 
D + T i  A-3 
D + W A-3 
H + Al A-3 
H + h A-3 
H + Be A-3 
H + C A-3 
H + Fe A-3 
€1 + Mo A-3 
H + N i  A-3 
H + S i  A-3 
H + Ta A-3 
H + Ti A-3 
H + V A-3 
f1 + W A-3 
3He + Au A-3 
3He + Mo A-3 
%e + A l  A-3 

4He + Be A-3 
4He + C A-3 
4He + Fe A-3 
4He + I% A-3 
4He + Ni A-3 
4He I- S i  A-3 
"He + Ta A-3 
4He + T i  A-3 
4He + V A-3 
4 ~ e  + w ~ - 3  
"He + Zr A-3 

4He + Au A-3 

s p u t t e r i n g  y i e l d  A-2 

S S  t a r g e t  
c h a r g e  s t a t e  d i s t r i b u t i o n  ( r e f l e c t i o n )  E-26, 27 
energy  d i s t r i b u t i o n  E-28, 29 
energy  r e f l e c t i o n  c o e f f i c i e n t  E-20, 21 
p a r t i c l e  r e f l e c t i o n  c o e f f i c i e n t  E-18, 19 
r a t i o  secondary emiss ion  (Ho/H+) C-34, 35 
r a t i o  secondary emission (H-/H+) C-36, 37 
recombina t ion  F-9 
r e e m i s s i o n  rate F-34 ,  35, 36, 37, 38, 39 
replacement  e f f i c i e n c y  F-40, 41 
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secondary emis s ion  c o e f f i c i e n t - e  impact B-4, 5 
s o l u b i l i t y  F-8 
s p u t t e r i n g  c o e f f i c i e n t s  A-14, 1 5  
t r a p p i n g  eoef f i c i e n t - s a t u r a t i o n  F-32, 33 

Ta t a r g e t  
s p u t t e r i n g  t h r e s h o l d  energy A-3 

T i  t a r g e t  
d i f f u s i v i t y  F-8 
e l e c t r o n  r e f l e c t i o n  D--2, 3 ,  10,  11 
energy r e f l e c t i o n  c o e f f i c i e n t  E-16, 17 
i n c i d e n t  a n g l e  D-10, 11 
o u t g a s s i n g  o r  degass ing  C-26, 27 
p a r t i c l e  r e f l e c t i o n  E-14, 15 
secondary emis s ion  c o e f f i c i e n t - e  impact 8-2, 3 ,  6 ,  7 ,  10 ,  11 
secondary emis s ion  c o e f f i c i e n t - i o n  impact C-6, 7 
s p u t t e r i n g  c o e f f i c i e n t s  A-10, 11 
s p u t t e r i n g  t h r e s h o l d  energy A-3 
t r a p p i n g  c o e f f i c i e n t  F-26, 27,  28,  29, 30, 31 

T i C  target 
e l e c t r o n  r e f l e c t i o n  D - 4 ,  5 
secondary e l e c t r o n  emission-e impact B-8 ,  9 
s p u t t e r i n g  C o e f f i c i e n t s  A-16, 17 

Trapping and r eemiss ion  
d i  f f u s i v i t y  F-2 

H -!- Al F-8 
H + CU F-8 
B -t- INC-675 E-8 
H 4- INC-718 E-8 
H f INC-903 F-8 
1I -I- ra0 F-8 
11 f N i  F-8 
11 -I- 306 SS F-8 
H ?- T i  E-8 
H 1- W F-8 

models F-3 
r ecombina t ion  F-2 

D + 301 SS F-9 
D + AU F-3 

r e e m i s s i o n  rate F - 4  
D'" 1- C F-16, 17 

n + 304 ss ~ - 9  

D+ i" N i  F-42, 43  
D+ + S i c  F-24, 25 
D* + SS U-34, 3 5 ,  36,  37,  38, 39 

replacement  cross sect i o n  F-6 
replacement  e f f i c i e n c y  F-7 
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