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B y  u sin g  th e o re tic a l co n sid e ra tio n s c o m b in e d  w it h  e xp e rim e n ta l results, a general 
a p p ro a c h  fo r  c o m p u tin g  s p u tte r-io n  p u m p  ch aracteristics is g iv e n . T h is  a p p ro a c h  
ca n  be successfully a p p lie d  to  o p tim a l design o f  d is trib u te d  s p u tte r-io n  p u m p s  in  
h ig h  e n e rg y a ccelerators. T h e  d e v ia tio n  b e tw e e n  c o m p u te d  a n d  m easured p u m p in g  
speed va lu e s is less th a n  3 0 % .

INTRODUCTION

D e s p it e  th e  w id e s p re a d  use o f  s p u t t e r -io n  p u m p s  in  
a lm o s t  a ll v a c u u m  a p p lic a t io n s , o u r  k n o w le d g e  a b o u t  
th e  in flu e n c e  o f th e  d iffe r e n t  p u m p  p a r a m e te r s  o n  th e  
p u m p i n g  spe e d is m o re  e m p ir ic a l t h a n  fu n d a m e n t a l . 
T h i s  is p r o b a b l y  d u e  t o  th e  c o m p lic a te d  p u m p in g  
m e c h a n is m  o f t h e  s p u t te r -io n  p u m p s , w h ic h  d e p e n d s  o n  
th e  d iffe r e n t  d is c h a rg e  m o d e s  o f  th e  P e n n in g  ce lls, o n  
th e  s p u t t e r in g  r a te  o f th e  e n e rg e tic a l io n s  im p a c t in g  
th e  c a t h o d e , a n d  o n  p h y s ic o c h e m ic a l p h e n o m e n a  b e ­
tw e e n  gas m o le c u le s  a n d  th e  su rfa c e s  o f b o t h  e le c tro d e s .

B e s id e s  th e  c a th o d e  m a t e r ia l , th e  m a in  s ig n ific a n t 
p a r a m e te r s  a ffe c tin g  th e  p u m p in g  spe e d o f  a  s p u t t e r -io n  
p u m p  a re  th e  m a g n e tic  fie ld , th e  a p p lie d  v o l t a g e , a n d  
th e  d ia m e te r  o f  th e  cells. F o r t u n a t e l y  fo r  th e  d e sig n e rs 
o f c o n v e n t io n a l s p u t te r -io n  p u m p s , th e  v a lu e s  o f th e  
m a g n e tic  fie ld  a n d  th e  v o lta g e  a re  c o s t lim it e d  a n d  c a n  
n o t  b e  o p t i m i z e d . A l m o s t  a ll p u m p s  w o r k  w i t h  m a g n e tic  
fie ld s o f 1 - 2  k G  a n d  v o lta g e s  o f  5—8 k V .  T h e  r e m a in in g  
p a r a m e t e r , th e  cell d i a m e t e r , c a n  b e  o p t im i z e d  
e x p e r im e n t a lly .

R e c e n t l y , s p u t te r -io n  p u m p s  h a v e  fo u n d  a n o t h e r  
a p p lic a t io n  in  p a rtic le  a c c e le r a to rs , p a r t i c u la r l y  in  
s to ra g e  r in g s 1-3 as d is t r ib u t e d  p u m p in g  u n it s . T h e  
b e n d in g  m a g n e ts  o f th e  p a r t ic le  a c c e le ra to rs  p r o v i d e  
th e  m a g n e t ic  fie ld  r e q u ir e d  f o r  t h e  p u m p . T h e  m a g n e tic  
fie ld  o f  th e  b e n d in g  m a g n e ts  o f  a  s to ra g e  r in g  is p r o p o r ­
t io n a l t o  th e  e n e r g y  o f th e  s to re d  p a rtic le s  a n d  g e n e r a lly  
ra n g e s  b e tw e e n  0 .5  a n d  12  k G . 4 I n  th e  case o f  e le c tr o n  
s to ra g e  r in g s , th e  gas d e s o r p tio n  o f th e  v a c u u m  s y s te m  
is d u e  m a i n l y  t o  th e  s y n c h r o t r o n  r a d i a t io n  w h ic h  
d e p e n d s  o n  th e  e n e r g y  a n d  c u r r e n t  o f th e  s to re d  elec­
t r o n s .5 T h u s  th e  d is t r ib u t e d  s p u t t e r - io n  p u m p  fo r  a 
s to ra g e  r i n g  m u s t  b e  d e s ig n e d  t o  p e r fo r m  o p t i m a l l y  
w h e n  th e  m a x i m u m  gas d e s o r p t io n  ta k e s  p la c e  in  th e  
a c c e le r a to r. I t  m u s t  also p r o v i d e  a  s u ffic ie n tly  la rg e  
p u m p i n g  sp e e d  o v e r  th e  w h o le  o p e r a tin g  ra n g e  o f th e  
a c c e le r a to r.

U n f o r t u n a t e l y , th e  o n l y  e x is tin g  e m p iric a l fo r m a lis m  
fo r  o p t im a l  s p u t t e r -io n  p u m p  d e s ig n  o f M a l e v  et alA 21 
s h o w s  d is c re p a n c ie s  b e tw e e n  m e a s u re d  a n d  e x p e c te d

p u m p in g  sp e e d  w h e n  th e  m a g n e t ic  fie ld  v a rie s . F i g u r e  
1 s h o w s  th e s e  d is c re p a n c ie s  as o b s e rv e d  fo r  p r o t o ­
ty p e s  o f d is t r ib u t e d  p u m p s  o f t h e  S P E A R 24 s to ra g e  
r i n g .2 F o r  th e s e  la rg e  cells (0  2 .5  c m ) , w o r k in g  in  h ig h  
m a g n e tic  fie ld s ( > 1 0  k G )  th e  d e v i a t i o n  b e tw e e n  c a lc u ­
la te d  a n d  m e a s u re d  p u m p i n g  s p e e d  goes u p  to  a fa c t o r  
o f  5. I n  c o n tr a s t  t o  M a l e v ’ s fo r m a l i s m , i t  is w e l l - k n o w n  
t h a t  th e  p u m p i n g  spe e d o f  a  s p u t t e r - io n  p u m p  re a c h e s  
a  l i m i t  v a lu e  w h e n  th e  m a g n e t ic  fie ld  is in c re a s e d . T h i s  
l i m i t  is n o t  d u e  t o  th e  c o n d u c ta n c e  o f th e  p u m p  e le ­
m e n t s , b u t  i t  is a n  in h e r e n t  p r o p e r t y  o f  th e  P e n n i n g  
d is c h a r g e .6 M a l e v ’ s fo r m a lis m  is a n  e m p iric a l r e s u lt  
fr o m  p u m p i n g  speed m e a s u r e m e n ts  m a d e  o v e r a b r o a d  
ra n g e  o f v a lu e s  o f cell p a r a m e te r s  su c h  as d ia m e te r , 
a p p lie d  v o l t a g e , a n d  m a g n e tic  fie ld . W h i l e  m a k i n g  
th ese  la rg e  v a r i a t i o n s , th e  d is c h a rg e  ta k e s  p la c e  in  
d iffe r e n t  m o d e s , a n d  th e  m e a s u re d  p u m p in g  sp e e d  
v a lu e s  c a n  n o t  be fi t t e d  b y  a n  e m p iric a l fo r m a lis m

0 2 (, 6 8 10 12 u
M a g n e t i c  F i e l d  k G

F i g . 1. Pumping speeds of SPEA R storage ring pumps. • —mea­
sured values with 1.25 cm diam. cells; X-—measured values with 
2.50 cm diam. dells; ®—calc, pumping speed with Malev’s for­
malism for 1.25 cm diam. cells; ©—calc, pumping speed with 
Malev’s formalism for 2.50 cm diam. cells; ©—calc, pumping 
speed as proposed in this paper for 1.25 cm diam. cells; ©—calc, 
pumping speed as proposed in this paper for 2.50 cm diam. cells.
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w i t h o u t  a c la s s ific a tio n  in  th e s e  m o d e s . T h e  d iffe r e n t 
d is c h a rg e  m o d e s  a n d  e rro rs  in  th e  p u m p in g  speed 
m e a s u re m e n ts  p r o b a b l y  e x p la in  th e  o b s e rv e d  
d is c re p a n c ie s .

I n  th is  p a p e r , a n e w  s e m ie m p ir ic a l fo r m a lis m  to  
d e t e r m in e  th e  c h a ra c te ris tic s  o f  d io d e  s p u t t e r - io n  p u m p s  
is p r o p o s e d . T h i s  fo r m a lis m  uses e x is tin g  th e o rie s  o f th e  
d iffe r e n t  d is c h a rg e  m o d e s  o f  a P e n n in g  c e ll6 c o m b in e d  
w i t h  e x p e r im e n t a l  re s u lts  o n  th e  p u m p in g  speed o f 
s p u t t e r -io n  p u m p s  o b t a in e d  a t  D E S Y 25 a n d  o th e r 
l a b o r a t o r i e s .2’ 6

PUMPING SPEED AND DISCHARGE INTENSITY

I n  th e  e a r l y  w o r k s  o n  s p u t t e r - io n  p u m p s , i t  w a s  s u g ­
g e s te d  a n d  e x p e r im e n t a ll y  p r o v e d  t h a t  th e  p u m p in g  
sp e e d  is c lo s e ly  re la te d  t o  d is c h a rg e  in t e n s i t y  I/P 
( 7  =  d is c h a rg e  c u r r e n t , P  =  p r e s s u r e ). 7-11 T h i s  r e la tio n ­

s h ip  is lin e a r  (S = cl/P) f o r  a g iv e n  g a s , a n d  w a s  used 
t o  d e t e r m in e  th e  p u m p in g  sp e e d  e s p e c ia lly  a t  lo w  
p re ss u re s sin ce  th e  d is c h a rg e  i n t e n s it y  c a n  e a s ily  be 
m e a s u re d . T h e  p r o p o r t i o n a l i t y  f a c t o r  c d e p e n d s  n o t  
o n l y  o n  th e  g a s 11 b u t  a lso  o n  th e  g a s q u a n t i t y  p u m p e d  
a f t e r  b a k e - o u t  o f  th e  p u m p . T o  a v o id  c o m p lic a tio n s  d u e  
t o  s u c h  s a t u r a t i o n  e ffe c ts , w e  fir s t  d e a l w i t h  p u m p in g  
speeds o f  v i r g i n  p u m p s  a ft e r  a p p r o p r ia te  b a k e - o u t  (m o re  
t h a n  5 h  a t  3 5 0 ° C ) .

T h e  p u b lis h e d  c-v a lu e s  f o r  n i t r o g e n 7 ’ 9“ 11 w e re  o b ­
t a in e d  f r o m  m e a s u re m e n ts  o f th e  p u m p in g  speed S 
u n d e r  e q u il i b r i u m  c o n d itio n s , th e  p u m p  c u r r e n t  7 ,  a n d  
th e  p re s s u re  P  in  th e  p u m p  (c = SP/I). R u t h e r f o r d 9 
fo u n d  e x p e r i m e n t a ll y  t h a t  th e  c -v a lu e  d e p e n d s  o n  th e  
w o r k in g  v o l t a g e  o f  th e  p u m p . T h e  n itr o g e n  c -v a lu e s  fo r  
a  t y p ic a l  d io d e  s p u t t e r -io n  p u m p  w e re  0 .0 5  T o r r  1 / s e c A  
a t  3 k V  a n d  0 .0 8  T o r r  1 / s e c A  a t  6 k V .  B a c h le r 7 d i d n ’ t  
e m p h a s iz e  th is  v o lta g e  d e p e n d e n c e  a n d  r e p o r t e d  a m e a n  
c -v a lu e  o f  0 .0 7  T o r r  1 / s e c A  fr o m  m e a s u re m e n ts  o n  a 
la rg e  n u m b e r  o f  d iffe r e n t  d io d e  s p u t t e r - io n  p u m p s  
w o r k in g  b e tw e e n  4  a n d  7  k V .  T h e  lo w e s t n itr o g e n  
c -v a lu e  o f  0 .0 2 7  T o r r  1 / s e c A  w a s  m e a s u re d  b y  D a l l o s 11 
o n  a  15  1/sec s p u t t e r -io n  p u m p  w o r k in g  a t  7 .2  k V  in  a 
m a g n e tic  fie ld  o f  1 .4  k G .

T h e  la rg e  d e v i a t i o n  b e tw e e n  th e  t w o  e x t r e m e  p u b ­
lis h e d  v a lu e s  (0 .0 2 7  a n d  0 .0 8 ) c a n  n o t  b e  e x p la in e d  o n l y  
b y  a s s u m in g  a  c -d e p e n d e n c e  o n  th e  w o r k in g  v o lt a g e 9 o r  
o n  th e  e le c tr o d e  c o n f i g u r a t io n .22 T h e  t w o  v a lu e s  w e re  
m e a s u re d  o n  s im ila r  s p u t t e r - io n  p u m p s  o f  th e  d io d e  t y p e  
w o r k in g  a t a lm o st th e  s a m e  v o l t a g e . P r o b a b l y , a n  a d d i­
t io n a l e r r o r  d u e  t o  th e  in h e r e n t  in c e r tit u d e  o f  a b s o lu te  
p re s s u re  m e a s u re m e n ts  is re s p o n s ib le  f o r  th e  la rg e  d e ­
v i a t i o n  o f  th e  c -v a lu e  r e p o r t e d  b y  th e  t w o  a u t h o r s .9’10

I n  t h is  w o r k , a n o t h e r  p ro c e d u re  h a s b e e n  used to  
d e t e r m in e  th e  c -v a lu e . T h e  p u m p in g  sp e e d  w a s  m e a ­
s u re d  a c c o r d in g  t o  a  p r o p o s a l f r o m  F i s c h e r  a n d  
M o m m s e n 12 a n d  th e  r e q u ir e d  d is c h a rg e  in t e n s i t y  w a s  
c a lc u la te d  u s in g  S c h u u r m a n ’s t h e o r y  o n  th e  P e n n in g  
d is c h a r g e .6 T h i s  w a s  n e c e s s a ry  b e ca u s e  S c h u u r m a n ’ s 
t h e o r y  c o n s titu te s  th e  b a s is  o f th e  p ro p o s e d  s e m i­
e m p ir ic a l f o r m a lis m . F u r t h e r m o r e , d e v ia t io n s  o f th e

c -v a lu e  fr o m  p re ss u re  m e a s u r e m e n t e rro rs  w e re  c o n ­
s id e r a b ly  re d u c e d  d u e  t o  th e  w e a k  p re s s u re  d e p e n d e n c e  
o f  th e  d is c h a rg e  i n t e n s i t y . T h e  p u m p i n g  sp e e d  m e a s u re ­
m e n ts  w e re  c a rrie d  o u t  a t  D E S Y  o n  a la r g e  n u m b e r  o f 
c o n v e n t io n a l d io d e  s p u t t e r -io n  p u m p s  w i t h  t i t a n i u m  
c a th o d e s  w o r k in g  a t  d iffe r e n t  v o lta g e s  ( 3 - 8  k V )  a n d  
h a v i n g  a n o m in a l p u m p i n g  spe e d f o r  n itr o g e n  b e tw e e n  
15 0  a n d  800 1/sec. I n  a d d i t i o n , th e  p u m p i n g  spe e d o f 
d i s t r i b u t e d  s p u t te r -io n  p u m p  p r o t o t y p e s  w e re  m e a s u re d  
o v e r  a la rg e  m a g n e tic  fie ld  ra n g e  ( 0 .5 - 1 3  k G ) .  T h e  
p u b lis h e d  p u m p in g  spe e d m e a s u re m e n ts  o f  th e  S P E A R  
s to ra g e  r in g  d is t r ib u t e d  p u m p s  w e re  a ls o  t a k e n  i n to  
a c c o u n t . T h e  b e s t f i t  f o r  a ll te s te d  p u m p s  is g iv e n  b y  
a c -v a lu e  o f 0 .0 7 5  T o r r  1 / s e c A . T h i s  v a lu e  is n e a r ly  th e  
s a m e  as m e a s u re d  b y  B a c h l e r 7 a n d  lies b e tw e e n  th e  
t w o  e x p e r im e n ta l v a lu e s — 0 .0 5  a n d  0 .0 8  T o r r  1 / s e c A —  
r e p o r t e d  b y  R u t h e r f o r d .9 T h i s  v a lu e  is a ls o  s a t is fa c t o r y  
f o r  d iffe r e n t ia l d io d e  s p u t t e r - io n  p u m p s  w i t h  c a th o d e s  
h a v i n g  a  t a n t a l u m  p r o p o r t i o n  o f  less t h a n  2 5 % .

A t  pre ss u re s h ig h e r t h a n  1 0 “ 7 T o r r ,  t h e  p u m p i n g  
sp e e d  d o e s n ’ t  in cre ase  a t  th e  r a t e  o f  th e  c a lc u la te d  
d is c h a rg e  i n t e n s i t y  a n d  re s u lts  in  a  lo w e r in g  o f th e  
c -v a lu e . T h e  decrease o f  th e  p u m p i n g  sp e e d  a n d  th e  
c -v a lu e  f o r  pre ssures h ig h e r  t h a n  1 0 - 7  T o r r  is p r o b a b l y  
d u e  t o  th e  e le c tro n  a n d  io n  im p a c t - d e s o r p t i o n  o n  th e  
gas c o v e re d  p u m p  e le c tro d e s . W e  h a v e  a s s u m e d  t h a t  
th e  e le c tro d e  s u rfa c e  c o v e ra g e  in cre ases a c c o r d in g  t o  a 
L a n g m u i r  is o th e r m . T h e  v a l i d i t y  o f  t h is  a s s u m p t io n  
w a s  n o t  c h e c k e d  s e p a r a te ly . O n l y  th e  p re s s u re  d e p e n d ­
ence o f  th e  c -v a lu e  w a s  s u c c e s s fu lly  f i t t e d  t o  a n  e q u a t io n  
o f  th e  L a n g m u i r  is o th e r m  t y p e

/  1 .5  X 1 0 6P  \
c =  0 .0 7 5 ( 1 ------------------------) .

\  1 + 4 X  1 0 67 v

T h i s  e m p iric a l re la tio n  is v a l i d  fo r  th e  p re s s u re  re g io n  
b e tw e e n  1 0 “ 10 a n d  1 0 -5  T o r r .  T h e  e q u a t io n

/ 1 .5  X 1 0 6P  \
5  =  0 .0 7 5 ( 1 --------------------------) 7 / P ,  ( 1 )

V  1 + 4 X 1 0 6P /

w h e r e  5  is th e  p u m p in g  spe e d in  1/s e c , a n d  I/P, th e  
d is c h a rg e  i n t e n s i t y  in  A / T o r r ,  is th e  b a s is  o f  th e  s e m i­
e m p ir ic a l fo r m a lis m . T h e  c o n s ta n ts  a n d  th e  fo llo w in g  
c a lc u la tio n s  a re  v a li d  o n l y  f o r  n itr o g e n .

E x i s t i n g  th e o rie s  o n  th e  d iffe r e n t  d is c h a rg e  m o d e s  o f 
a  P e n n i n g  cell g iv e n  in  S c h u u r m a n ’ s s u r v e y 6 w e re  use d 
t o  c a lc u la te  th e  d is c h a rg e  i n t e n s i t y . O n l y  t w o  o p e r a tio n  
m o d e s  a re  s ig n ific a n t fo r  s p u t t e r - io n  p u m p s  w o r k in g  
in  th e  re g io n  o f  h ig h  a n d  u lt r a h i g h  v a c u u m : th e  L M F -  
m o d e  (lo w  m a g n e tic  fie ld ) a n d  th e  H M F - m o d e  (h ig h  
m a g n e t ic  fie ld ) . T h e s e  m o d e s  d iffe r  in  t h e i r  p o t e n t ia l  
p ro file  in  th e  cell. I n  th e  L M F - m o d e ,  th e  p o t e n t ia l  
p r o file  in  th e  cell is s t r o n g l y  d e fo r m e d  b y  th e  space 
c h a rg e  o f  a n  e le c tro n  c lo u d  s p re a d  o u t  o v e r  th e  w h o le  
v o l u m e  o f  th e  cell. T h e  H M F - m o d e ,  e x is t in g  a t  h ig h  
m a g n e t ic  fie ld s , is c h a r a c te r iz e d  b y  a  fie ld -fre e  p la s m a  
re g io n  a r o u n d  th e  a x is  o f  th e  cell a n d  b y  a  c lo u d  o f 
e le c tro n s  in  th e  fo r m  o f a s h e a th  a d ja c e n t  t o  th e  a n o d e .
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The two modes can be easily distinguished in a typical 
diagram (Fig. 2) which shows the dependence between 
the discharge intensity and the magnetic field at 
constant pressure. At magnetic fields lower than the 
value A , no ignition of the discharge takes place and 
the discharge intensity is zero. The ignition point A  
depends on the radius ra of the anode cell and is given 
by the empirical equation1’21

B i — 300/ r a, (2)
where ra equals cell radius in cm and Bi, the magnetic 
field at the ignition point in G. This empirical equation 
is valid mainly for high working voltages ( U a> 3  000 V).
The branch AO (Fig. 2) shows the typical increase of 

the discharge intensity with the magnetic field for the 
LMF-mode. The transition to the HMF-mode occurs 
where the discharge intensity has its maximum value 
(point O). At low pressures (p<10-7 Torr), the dis­
charge intensity of the HMF-mode remains almost 
constant when the magnetic field is increased (branch 
OC). For ¿> > 1 0~7 T orr, the discharge intensity decreases 
(branch OD) with increasing magnetic field. This 
decrease is accelerated for higher pressure values.
The magnetic field Btr at the transition point O 

between the LMF- and HMF-modes is given by the 
equation6

B t2 = 30.3 U a

ra2(vi/vc)
(3)

with Ua as applied voltage in V, ra, cell radius in cm, 
and B tr in G. v i /v c is the ionization probability of an 
electron in a collision with a gas molecule (vi = ionization 
frequency, vc = collision frequency).
The discharge intensity of one cell in the LMF-mode 

is given by the equation6
I / P  = 7.7 X10-4 (vi /vc) 2l r 2B 2. (4)

I / P  is in A/Torr, l is the effective height of the cell in 
cm, and B is the magnetic field in G. The effective cell 
height is greater than the natural one due to extension 
of the discharge in the space between anode and cathode 
by axial oscillations of the avalanche electrons. An in­
crease of the natural cell height by 25% of sum of the 
gaps between anode and cathodes seems to present the 
effective anode height. This equation is valid only above 
the ignition point, i.e., for magnetic fields greater than 
B i (Fig. 2). To avoid discontinuity of the discharge 
intensity function at this point, we take a linear rise 
starting at Bi and merging tangentially into the para­
bolic curve (Eq. 4). Thus the LMF-mode between the 
magnetic fields B i and 2B i can be given by the linear 
equation

I / P  =  3.1X K G 3 (vi/vc) Hra2B i ( B - B i ). (5)
Equation (4) must be used to calculate the discharge 
intensity for magnetic fields greater than 2Bi.
In order to reduce the computational effort to a 

minimum we have assumed that in the whole region of 
the HMF-mode the discharge intensity takes the

Fig. 2. A typical dia­
gram of the discharge 
intensity dependence 
on the magnetic field 
at constant pressure. 
The brance AO is 
characteristic for the 
LMF-mode. At low 
pressures (p  <  10-7
Torr), the HMF-mode 
(OC) shows an almost 
constant discharge in­
tensity. For high 
pressures {p > 10-7 
Torr), the HMF-mode 
is given by the curve 
OD.

transition point value. This assumption has been con­
firmed experimentally6 for pressures below 10-7 Torr. 
The deviation from this assumption at pressures higher 
than 10-7 Torr is corrected by the empirical factor

{1 -  L 5 X 104[ (£ -  5 trK P ] V  £/a}.

Thus the following equation was assumed for the 
HMF-mode:
I / P  =  2 . 3 X 1 0 ~ 2(vi /vc) lU a

X {1 - L 5 X 104[ (B - BtrKP] V U a) . (6)

It is well known11 that the discharge current of a sputter- 
ion pump is not proportional to the pressure, but rather 
a function of the type k p a where the exponent a is 
slightly greater than 1. This typical dependence causes 
a decrease of the pumping speed at lower pressure. Thus 
the discharge intensity and the pumping speed show a 
pressure dependence of the type k 'p“-1.u The anomalous 
diffusion of the avalanche electrons across the magnetic 
field, owing to collective interactions in the discharge, 
is mainly responsible for this dependence.
In order to introduce this pressure dependence of the 

discharge intensity in Eqs. (3)-(6), classical electron 
diffusion in the discharge, we assumed a pressure 
dependence of the ionization probability (vi/vc). This 
assumption does not have any deep physical meaning; 
rather, it is a consequence of the attempt to consider 
the component of the anomalous diffusion of the dis­
charge electrons by using theories of the classical 
mobility. From measurements on typical diode sputter- 
ion pumps, working in the LMF-mode region, it has 
been found that the discharge current shows the
following pressure dependence:

JocP1-2. (7)
Introducing this relation into the Eq. (4) results in a 
smooth pressure dependence of the ionization
probability

Vi/Vcozpo-K (8)
By relating this dependence to pumping speed measure­
ments, it was possible to determine the proportionality 
factor in this equation

vi/vc = 0.52 X P 0-1. (9)
Equation (9) is plotted in Fig. 3 together with measured
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N i t r o g e n  p u m p i n g  speed o f o n e  cell :

(i) L M F - m o d e ,  Bi<B<2Bi,

/  1 . 5 X 1 0 6P \
S i  =  6 . 2 7 X 1 0 - 5 1 -   -------------------- )Po-HrJBiiB-Bi);

\ 1 + 4 X 1 0 6P /
( 1 3 )

(ii) L M F - m o d e ,  2Bi<B <B tI,

/  1 .5  X 1 0 6P  \
5 i =  1 .5 6 X 1 0 ~ 5( 1 -------------------------- ) P ° - 2/ra2P 2 ;

V 1 + 4 X 1 0 6P /
(14)

(iii) H M F - m o d e ,  B>B tT,

/  1 . 5 X 1 0 6P  \
5 i  =  9 . 1 X 1 0 - 4 1 -------------------------- I P 01/ t / a

\  1 + 4 X 1 0 6P /

F ig . 3. Measured and proposed pressure dependence of the \y i 1 i :  v u m t / d  \ m *  / rr i r* r\
ionization probability vi/ve* X  { 1 -  1 .5  X  1 0 4[  ( P - P tr) r aP ]  V Pa} • ( 1 5 )

values of the ionization probability given by 
Schuurman.6 A good agreement between proposed and 
measured values of the ionization probability can be 
observed.
In practical cases, the magnetic field lines are not 

parallel to the axis of the cell due to misalignment of 
the cell or to inhomogeneities of the magnetic field. 
To calculate the influence of this misalignment, we 
assume that the electrons of the discharge build up a 
cylindrical cloud along the magnetic field lines through 
the center of the cell. A misalignment angle of 0 limits 
the electron cloud to a radius r0 smaller than ra (Fig. 4). 
From geometry, the following relation results for r0 :

r 0 = ra cos0 — 0.5/a sin</>, (10)
where l a is the geometrical height of the cell. Using the 
effective radius of the cell in Eqs. (2)-(6), it is easy to 
determine the influence of misalignment on the 
discharge intensity.
SUMMARY OF THE FORMALISM AND 
NUMERICAL APPLICATIONS

The ignition of the discharge takes place for magnetic 
fields greater than B i

Pi = 300/ra. (11)
Transition to HMF-mode takes place at

7.63 V  Pa
Ptr= ------ • (12)raP°-° s

F ig . 4. The decrease of 
the effective cell radius 
due to misalignment of 
cell axis to magnetic 
field.

l i n e s

Symbols and units are as follow:
B = applied magnetic field in G,

Bi =  magnetic field at the ignition point in G,
Ptr = magnetic field at the transition point in G,

1 =  effective height of the cell in cm,
P = pressure in Torr, 
ra = cell radius in cm,

Si =  nitrogen pumping speed of one cell in 1/sec,
Pa = anode voltage in V.

In an actual sputter-ion pump, the pumping units 
consist of n cells connected in parallel to the same anode 
potential (Fig. 5). Thus

S n =  n S u (16)
where S n is the pumping speed of the n cells. This 
pumping speed is lowered to S ea due to the conduc­
tance of the gaps between the anode and the two 
cathodes.1’13-21

with

■Seff — Sn~
tanhP 

D

D =
ka IS

7.85ô\ ab

(17)

where a is the depth of a pumping unit in c m ; b, length 
of the pumping unit in cm; k, the factor taking the

F ig . 5. Electrode structure of a sputter-ion pump element and 
its characteristic dimensions.
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v a lu e  1 w h e n  th e  p u m p i n g  u n i t  is o p e n  t o  o n e  side  a n d  
th e  v a lu e  ^ fo r  t w o  o p e n  s id e s ; a n d  8, th e  g a p  b e tw e e n  
a n o d e  a n d  o n e  c a th o d e  in  c m  ( F i g .  5 ).

I f  th e  s p u t t e r - io n  p u m p  c o n s is ts  o f N  p u m p in g  u n i t s , 
th e  e ffe c tiv e  p u m p i n g  spe e d o n  th e  p u m p  fla n g e  Sp c a n  
b e  c a lc u la te d  b y  th e  e q u a t io n

1 1 1
—  -----------------1—  , ( 1 8 )
Sp NSett L

w h e re  L  is th e  c o n d u c ta n c e  o f th e  p u m p  c h a m b e r  t o  
th e  c o n n e c tin g  fla n g e . T h e  p u m p in g  sp e e d  Sp c a n  b e  
a lso c a lc u la te d  w i t h  m o re  c o m p u t a t io n a l  e ffo r t , u s in g  
th e  m a t r i x  c a lc u la tio n s 14 p ro p o s e d  b y  P i s a n i .15'16 E q u a ­
tio n s  ( 1 1 ) —( 1 7 )  c a n  b e  a lso u se d  fo r  c a r b o n  m o n o x id e . 
T h e  p ro p o s e d  fo r m a lis m  is n o t  e x t e n d e d  to  in e r t  gases 
a n d  h y d r o g e n  d u e  t o  th e  c o m p lic a te d  p u m p in g  speed 
d e p e n d e n c e  o n  th e  c a th o d e  m a t e r i a l .17’18

T h e  s a t u r a t e d  p u m p in g  speed is n e e d e d  in  m o s t 
p r a c tic a l cases f o r  users a n d  m a n u fa c t u r e r s  o f s p u t te r -  
io n  p u m p s . I t  is d e fin e d  as th e  p u m p in g  speed a ft e r  a 
q u a n t i t y  o f  2 X 1 0 -2  5  T o r r  1 gas h a s  b e e n  p u m p e d  
( 5  =  n o m in a l p u m p i n g  speed in  1 / s e c ) .19 T h i s  s a t u r a t io n  

f o r  in s ta n c e  c a n  b e  a c h ie v e d  b y  o p e r a tin g  th e  p u m p  
a t  1 - 1 0 ~ 6 T o r r  f o r  5 .5  h . T o  c a lc u la te  th e  s a tu r a te d  
p u m p i n g  s p e e d , E q s .  ( 1 3 ) — (1 5 ) m u s t  b e  m u lt ip lie d  b y  
th e  fa c t o r  (0 .7 5  — 2 X 1 0 ~ 10/ P ) .  T h e  fir s t  te r m  o f th is  
e m p iric a l fa c t o r  e xpresses a de cre a se  o f  p u m p in g  speed 
b y  2 5 %  d u e  t o  s a t u r a t i o n . T h e  se co n d  t e r m  is s ig n ific a n t 
fo r  p re ss u re s lo w e r t h a n  1 0 “ 8 T o r r ,  a n d  i t  ta k e s  i n to  
a c c o u n t th e  decrease o f th e  e ffe c tiv e  p u m p in g  speed d u e  
t o  th e  o u tg a s s in g  o f th e  p u m p  c h a m b e r  w a lls  a n d  
e le c tro d e  s u rfa c e s . T h i s  fa c t o r  is o n l y  v a l i d  fo r  pressures 
g r e a te r  t h a n  3 • 1 0 -10 T o r r .  A t  th is  p re s s u re , th e  e ffe c tiv e  
s a t u r a t e d  p u m p i n g  spe e d is n e a r ly  z e r o  d u e  to  t h e r m a l 
o u tg a s s in g  o f  th e  g a s -c o v e re d  s u rfa c e s .

U s i n g  th e  p ro p o s e d  fo r m a lis m , th e  p u m p in g  speed 
o f  th e  p r o t o t y p e s  o f  d is t r ib u t e d  s p u t te r -io n  p u m p s  o f 
S P E A R 2 w a s  c a lc u la te d  a t  5 X 1 0 - 7  T o r r  a n d  p lo tt e d  
to g e th e r  w i t h  th e  m e a s u re d  v a lu e s  in  F i g .  1 . T h e  g o o d

w 9 icr8 io'7 ic r6 k t 5
P r e s s u r e  T o r r

F i g . 6. T h e  p u m p in g  sp eed  pressure  d e p e n d e n ce  o f  th e  400 E s e c  
c o n v e n t io n a l sp u tte r -io n  p u m p s, in sta lled  in  th e  v a cu u m  system  
o f  D O R I S . •  m easu red  n o t  sa tu ra ted  p u m p in g  s p e e d ; —  ca lcu la te d  
p u m p in g  sp eed  as p ro p o se d  in  th is  w ork .

Fig . 7. T h e  p um ping speed pressure d epen den ce o f a con v en tion a l 
sputter-ion  pum p (I I ) . •  m easured n o t  saturated  p u m pin g  sp eed ; 
— ■ ca lcu lated  pum pin g  speed as p rop osed  in this w ork .

a g r e e m e n t c a n  b e  o b s e r v e d . T h e  e x is tin g  d e v i a t i o n  o f  
2 5 %  fo r  th e  0  1 .2 5  c m  cells a t  h ig h  m a g n e t ic  fie ld s lies 
w i t h i n  th e  a c c u ra c y  o f  th e  p u m p i n g  sp e e d  m e a s u re ­
m e n ts . I n  a n o t h e r  p u b lic a t io n  o f th e  S P E A R - g r o u p , 20 
th e  m a x i m u m  p u m p i n g  spe e d o f  th e  </> 1 .2 5  c m  e le m e n ts  
is r a t e d  w i t h  500 1/sec. T h i s  v a lu e  is close t o  o u r  
c a lc u la tio n s . T w o  o t h e r  n u m e r ic a l a p p lic a t io n s  o f  th e  
fo r m a lis m  a re  d e m o n s t r a te d  in  F i g s . 6 a n d  7  f o r  t w o  
t y p ic a l  d io d e  p u m p s  w i t h  t i t a n i u m  c a th o d e s , r a t e d  a t  
40 0  1/sec. I n  p u m p  I ,  2 5 %  o f th e  c a th o d e  m a t e r ia l  w a s  
t a n t a l u m  in  o rd e r to  in c re a s e  th e  a r g o n  p u m p i n g  s p e e d . 
P u m p  I  h a s b e e n  in s ta lle d  as s t a n d a r d  s p u t t e r - io n  p u m p  
in  t h e  v a c u u m  s y s te m  o f th e  D O R I S 26 s to ra g e  r in g . T h e  
v a lu e s  o f p u m p  p a r a m e te r  a re  g iv e n  in  T a b l e  I .  B o t h  
p u m p s  a re  w o r k in g  in  th e  L M F - m o d e  u p  t o  1 0 -6  T o r r .  
I n  th is  case, th e  p u m p i n g  spe e d d e p e n d s  o n  th e  v a lu e  
o f  m a g n e tic  fie ld  (ccB2). T o  a v o i d  d e v i a t i o n s , d u e  t o  
d iffe r e n t  m a g n e tic  fie ld  v a lu e s  a t  d i ffe r e n t  c e lls , th e  
m e a n -s q u a r e -r o o t o f th e  m a g n e tic  fie ld  o v e r  th e  w h o le  
s u rfa c e  o f th e  e le m e n t w a s  t a k e n  i n t o  a c c o u n t. T h e  
c h a m b e r  c o n d u c ta n c e  L  w a s  e s tim a te d  f r o m  th e  
d im e n s io n s  o f th e  p u m p  c h a m b e r , u s in g  C la u s i n g ’s 
e q u a t i o n .23 T h e  a g r e e m e n t b e tw e e n  c a lc u la te d  a n d  
m e a s u re d  v a lu e s , d e p e n d in g  o n  th e  a c c u r a c y  o f  th e  
p u m p i n g  speed m e a s u r e m e n ts , is b e t t e r  t h a n  3 0 % . 
E q u a t i o n  ( 1 7 )  w a s  u se d  f o r  c o n d u c ta n c e  c o rre c tio n s  in  
th e  p u m p  e le m e n ts  in  a ll n u m e r ic a l a p p lic a t io n s . T h e  
c o rre c tio n s  w a s  a lw a y s  less t h a n  2 5 %  o f th e  p u m p i n g  
sp e e d  o f a n  e le m e n t.

T a b l e  I. P a ram eters  o f  tw o  te s te d  p u m p s.

P u m p  I P u m p  II

N 4 e lem en ts 16 e lem en ts
L 1 200 1 /sec 1 200  1 /sec
n 123 c e lls /e le m e n t 8 ce lls /e le m e n t
ra 1.03 cm 1.25 cm
k 2 .54  cm 2 .0  cm
8 1.22 cm 0 .8  cm
a 13.3 cm 7 cm
b 43 cm 10.6 cm
B 1 090 G 1 00 0  G
u & 5 000 V 7 500 V
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