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Abstract 
In the framework of the CERN program on the 

el ec tron c l ou d  effec ts ,  two l ab oratory Rad i o F req u enc y 
( RF )  s et-u ps  hav e b een b u i l t to s tu d y and  c harac teri z e 
the phenomena b y c ompl ementi ng one to the other. T he 
fi rs t c ons i s ts  i n a c oax i al  tes t s tand  wi th a 10 0  mm 
d i ameter v ac u u m c hamb er formi ng the ou ter c ond u c tor 
and  6  wi res  c age-aeri al -type as  the i nner c ond u c tor. In 
ord er to s i mu l ate the b u nc hed  b eam,  thi s  tes t s tand  i s  
powered  wi th s hort pu l s es . T he av ai l ab l e fi el d  s trength 
i n a trav el l i ng wav e mod e al l ows  tri ggeri ng el ec tron 
mu l ti pac ti ng i n s tai nl es s  s teel  s u rfac es ,  b u t not i n 
c hamb ers  treated  to red u c e the s ec ond ary emi s s i on 
yi el d . T hu s ,  u pgrad es  i n the b enc h s et-u p hav e b een 
pu rs u ed :  i ns tead  of d u mpi ng the pu l s ed  power i nto a 
l oad ,  i t i s  re-c i rc u l ated  i n a mu l ti pl e freq u enc y ri ng 
res onator. F or thi s  pu rpos e,  we d es i gned  a d i rec ti onal  
c ou pl er wi th s ev eral  kV  D C i s ol ati on,  v ery l ow 
trans mi s s i on l os s es  and  a b and wi d th of 4  oc tav es . 
In the s ec ond  s et-u p,  mu l ti pac ti ng i s  prod u c ed  i n a 
res onator c ons i s ti ng i n a c oax i al  wav e gu i d e ( 1.5  m 
l ong)  s hu nted  at b oth end s :  the i nner c ond u c tor 
d i ameter i s  3 2  mm whi l e the ou ter c ond u c tor d i ameter 
amou nts  to 10 0  mm. D u e to the s tand i ng wav e 
c onfi gu rati on,  hi gh el ec tromagneti c  fi el d s  are s tored  
i ns i d e the s et-u p,  and  mu l ti pac ti ng i s  ‘ one poi nt type' . 
T hi s  i s  rather d i fferent than the one taki ng pl ac e i n 
ac c el erators ,  b u t el ec tron s u rfac e b omb ard ment i s  l arge 
enou gh to prod u c e and  c harac teri z e the s c ru b b i ng 
effec t. A n ov erv i ew of the pres ent s tatu s  of b oth s et-
u ps  i s  gi v en here,  hi ghl i ghti ng the l ates t i mprov ements  
and  res u l ts . 

1. THE TRAVELING WAVE 
M U LTIWIRE C HAM B ER 

1 . 1 .  I n tro d u cti o n :  th e  n e e d  o f  a R i n g  
R e so n ato r 
M u l ti pac ti ng i s  an el ec tron mu l ti pl i c ati on res onanc e,  

whi c h d ev el ops  i n RF  d ev i c es  when a peri od i c  fi el d  
s trength i s  mai ntai ned  b etween two oppos i te s u rfac es  
and  i f energy and  res onant c ond i ti ons  for el ec tron 
ki neti c s  are met. S u c h c ond i ti ons  wi l l  s how u p i n the 
L arge H ad ron Col l i d er ( L H C) . T he b u nc hed  proton 
b eam wi l l  prov i d e the peri od i c  el ec tri c  fi el d ;  an 
el ec tron c l ou d  may d ev el op l ead i ng to v ac u u m 
b reakd own b y a fas t pres s u re i nc reas e and  potenti al l y 
end i ng i n i mportant d egrad ati on i n b eam performanc e 
and / or ex c es s i v e l i q u i d  hel i u m c ons u mpti on.  
In ord er to s tu d y thos e phenomena i n a l ab oratory,  a 
b enc h tes t s et-u p [ 1]  was  b u i l t where s i x  wi res  are 

i ns erted  i n a c i rc u l ar v ac u u m c hamb er and  s u b mi tted  to 
RF  pu l s es  s i mu l ati ng the T rans v ers e El ec tro-M agneti c  
( T EM )  fi el d  prod u c ed  b y a b u nc hed  b eam ( F i g. 1) . 
T hat trav el l i ng wav e ( T W )  c oax i al  s tru c tu re i s  powered  
b y a wi d eb and  power ampl i fi er* d ri v en from a pu l s e 
generator. T he ou tpu t i s  c onnec ted  to a RF  l oad ,  whi c h 
ab s orb s  the trans mi tted  power and  prev ents  u nd es i rab l e 
refl ec ti ons . T wo prob es  hav e b een i ns tal l ed  to c ol l ec t 
the el ec trons ,  one pl ac ed  on top of the c hamb er and  the 
s ec ond  one i s  the pi c k-u p s hown i n F i g. 1. 
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F i gu re 1. T W  mu l ti -wi re c hamb er. T he pu l s es  c omi ng 
from the s i gnal  generator are ampl i fi ed  u p to 10 0  V  b y 
the wi d eb and  power ampl i fi er. T he pu l s e,  b i as ed  to 
ens u re a pos i ti v e v ol tage,  trav el s  al ong the s i x  wi res  
i ns i d e the c hamb er. T he 5 0  Ω RF  l oad  on the top 
av oi d s  u nd es i rab l e refl ec ti ons . T he c apac i tors  on top 
and  b ottom i s ol ate the D C c u rrents  i ns i d e the c hamb er. 
L engths  are gi v en i n mm. 
T he ac hi ev ab l e el ec tri c  fi el d  s trength i s  mai nl y l i mi ted  
b y the ou tpu t power of the wi d eb and  ampl i fi er. O n the 
5 0  Ω l oad ,  the i ni ti al  ( i .e. b efore i mprov ements )  ou tpu t 
v ol tage,  VIN ,  i s  l i mi ted  to 10 0  V  ( b as el i ne-peak) ,  whi c h 
c orres pond s  to mu l ti pac ti ng el ec tron energy E i n

e =  7 5  
eV ,  ac c ord i ng to b oth s i mu l ati ons  and  meas u rements  i n 
[ 1] . T o tri gger mu l ti pac ti ng,  the S ec ond ary Emi s s i on 
Y i el d  ( S EY )  has  to b e greater than 1.3  [ 2 ] . A  typi c al  
c harac teri s ti c  for b aked -ou t s tai nl es s  s teel  s u rfac es  i s  
s hown i n F i g. 2 ,  from where i t i s  c l ear that 7 5  eV  i s  
s u ffi c i ent to tri gger mu l ti pac ti ng. T he S EY  b ehav i ou r 
                                                           
* ‘Amplifier research, Model 100W1000, 1-1000 MH z , 100 W.  



for “treated” chambers is similar as what is shown in 
F ig . 2 for bak e-ou t stainless steel,  ex cep t that the 
minimu m mu ltip acting  energ y  is p u shed fu rther. O n 
top  of that,  this energ y  increases also after that the 
material has been ex p osed to a certain electron dose. 
F or materials common in accelerator technolog y ,  the 
minimu m mu ltip acting  energ y  can be mov ed u p  to the 
20 0  eV  rang e. T herefore it is desirable to reach hig her 
mu ltip acting  energ ies in the bench test stand. 

F ig u re 2. S econdary  E mission Y ield ( S E Y )  for 
stainless steel after bak e-ou t ( data measu red by  Y . 
B oj k o,  C E R N -L E P -V A C ,  1 9 9 6 ) . M u ltip acting  occu rs 
only  when the S E Y  is abov e the horiz ontal line ( i.e. 
S E Y  g reater than 1 .3) .  
A  p ossible way  to increase the v oltag e VIN ( withou t 
chang ing  the amp lifier) ,  is to re-inj ect a fraction of the 
ou tp u t p ower into the sy stem,  similarly  to what is 
p rop osed in [ 3] . S u ch a re-circu lating  scheme is called 
R ing  R esonator ( R R )  and allows a mu ch more efficient 
u se of the amp lifier ou tp u t p ower.  
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F ig u re 3 .  R ing  resonator ou tline. P u lses from the sig nal 
g enerator are amp lified in the p ower amp lifier,  and 
introdu ced in the wideband directional cou p ler. P art of 
the p u lse is du mp ed at the end of one arm of the 

cou p ler to the R F  load,  while the other arm sends the 
indu ced sig nal to the chamber. W hen leav ing  the 
chamber,  the p u lse enters ag ain in the cou p ler,  where it 
is added to the nex t p u lse deliv ered by  the amp lifier. 
T he p hase shifter comp ensates the 9 0 º  p hase offset 
p rodu ced by  the cou p ler. O n top  of the chamber there 
is a bu tton p robe,  which will be u sed to ev alu ate the 
p ower enhancement effect of the R R . 
T he concep tu al scheme is shown in F ig . 3:  the p u lse 
coming  from the chamber and the p u lse coming  from 
the amp lifier are su p erimp osed by  means of a 
directional cou p ler. T he R F  p u lses coming  from the 
sig nal g enerator are amp lified in the p ower amp lifier,  
and then introdu ced in the wideband directional 
cou p ler. P art of the p u lse p ower is du mp ed to the R F  
load,  while another p art enters into the chamber. W hen 
leav ing  the chamber,  the p u lse ag ain g oes throu g h the 
cou p ler,  where it is added to the nex t p u lse deliv ered 
by  the amp lifier. T he 9 0 °  p hase shifter between the 
sig nal g enerator and the p ower amp lifier,  comp ensates 
the 9 0  deg . offset introdu ced by  the cou p ler.  
T he R R  has string ent req u irements:  low reflection from 
the T rav elling  W av e transmission line and a R F  cou p ler 
desig ned “ad hoc”. T he final g oal is to g et a g ain for 
the incident p ower arou nd 8  or 9  dB  ( sec. 1 .2) ,  i.e. 
nearly  1 0  times the amp lifier ou tp u t p ower. I n the 
following  we rep ort abou t the necessary  step s to bu ild 
the R R :  imp rov ements on the T W  chamber ( sec. 1 .3)  
and desig n and test of the cou p ler ( sec. 1 .4 ) . A chiev ed 
p erformances are g iv en as well ( sec. 1 .5 ) . 
1.2. Loop power gain 
I n a R R ,  the ( max imu m)  p ower g ain ( G)  is g iv en by  

[ 4 ]   





−−=

− 220/ 1101 C
CG
α

      ( 1 )  

where C  is the v oltag e cou p ling  factor of the cou p ler 
and α is the one-way  attenu ation in the ring  ( in dB ) . 
F ig u re 4  sk etches the p ower g ain as a fu nction of the 
attenu ation for different v alu es of C .  T o g et a u sefu l 
g ain ( G ~ 8 -9  dB ) ,  a p ossible choice is α ~ 0 .5  dB  and C  
~ 1 0  dB  ( circle in F ig . 4 ) . T hose conditions hav e to be 
maintained u p  to a max imu m freq u ency  f M A X  g iv en by  
the relativ e bandwidth of the cou p ler ( i.e. B W =20  from 
p rev iou s ex p erience)  and by  the minimu m work ing  
freq u ency ,  fM IN=30 M H z  ( corresp onding  to the 25  ns 
bu nch sp acing  of L H C  p lu s a “conting ency  marg in”) :  
fM A X  =B W * f M IN =  6 0 0  M H z . T he one way  attenu ation α 
dep ends mainly  on the reflection coefficient and the 
transmission losses in the T W  chamber ( sec. 1 .3) ,  
while the v oltag e cou p ling  factor is a sp ecification of 
the cou p ler ( sec. 1 .4 ) . 
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F ig u r e  4. P o w e r  g a in  in  t h e  r in g  r e s o n a t o r  ( G)  a s  a  
f u n c t io n  o f  t h e  a t t e n u a t io n  in  t h e  r in g  ( α )  a n d  t h e  
v o l t a g e  c o u p l in g  f a c t o r  C. T h e  c ir c l e  m a r k s  a  p o s s ib l e  
c h o ic e  o f  p a r a m e t e r s :  α ~ 0 .5d B  a n d  C~ 1 0 d B  t o  g e t  a  
p o w e r  g a in  G b e t w e e n  8  a n d  9  d B . 

1.3. Improvements to the original chamber 
R e d u c in g  t h e  o n e  w a y  a t t e n u a t io n  ( α )  r e q u ir e s  a c t in g  

b o t h  o n  t h e  t r a n s m is s io n  l o s s e s  o f  t h e  s ix  w ir e s  in  t h e  
( c ir c u l a r )  v a c u u m  c h a m b e r  a n d  o n  t h e  im p e d a n c e  
m a t c h in g  a m o n g  c a b l e s , f e e d t h r o u g h s  a n d  t h e  c o a x ia l  
s t r u c t u r e  ( i.e . r e d u c in g  r e f l e c t io n s ) . T h e  f r e q u e n c y  
r e s p o n s e  o f  t h e  in it ia l  s e t -u p  h a s  b e e n  m e a s u r e d  w it h  a  
V e c t o r  N e t w o r k  A n a l y z e r  ( H P 8 7 53 D ) , a s  s h o w n  in  
F ig . 5 ( t r a n s m is s io n  c o e f f ic ie n t  v e r s u s  f r e q u e n c y )  a n d  
F ig . 6 ( c h a r a c t e r is t ic  im p e d a n c e  ( Zline )  a l o n g  t h e  
s t r u c t u r e ) . T h e s e  p l o t s  c o m p a r e  t h e  in it ia l  s it u a t io n  
( d o t t e d  l in e s )  t o  t h e  im p r o v e d  o n e  ( s o l id  l in e s ) . T h e  
in it ia l  t r a n s m is s io n  c o e f f ic ie n t  is  p l o t t e d  in  F ig . 5 
( d o t t e d  l in e )  s h o w in g  t h a t  it  h a s  t o  b e  f u r t h e r  r e d u c e d  
( a t  l e a s t  u p  t o  fM A X ) . U s in g  t h e  t im e  d o m a in  o p t io n  ( s t e p  
m o d e )  o f  t h e  in s t r u m e n t , t h e  r e f l e c t io n  c o e f f ic ie n t  Γ 
c a n  b e  m e a s u r e d  a s  a  f u n c t io n  o f  t h e  p o s it io n  a l o n g  t h e  
c o a x ia l  l in e . T h e n  f r o m   

Γ−
Γ+=

1
1
0ZZ line ,   ( 2 )  

o n e  g e t s  Zline a l o n g  t h e  t r a n s m is s io n  l in e , a s  s h o w n  in  
F ig . 6. I d e a l l y , t h e  c h a r a c t e r is t ic  im p e d a n c e  s h o u l d  b e  
50  Ω a l l  a l o n g  t h e  p a t h , in  o r d e r  t o  a v o id  r e f l e c t io n s . 
T h e  d o t t e d  l in e  ( o r ig in a l  s t a t u s )  in d ic a t e s  im p e d a n c e  
m is m a t c h e s  a t  t h e  f e e d t h r o u g h  l o c a t io n s  a s  w e l l  a s  
a l o n g  t h e  w ir e  ( m in o r  e f f e c t ) . T h e  t r a n s it io n  p ie c e s , 
j o in in g  t h e  w ir e s  t o  t h e  f e e d t h r o u g h s , h a v e  b e e n  
e l e c t r ic a l l y  a n d  m e c h a n ic a l l y  r e d e s ig n e d  ( F ig . 7  is  a  
s k e t c h  o f  t h e  r e l e v a n t  g e o m e t r y ) . T h e  j o in t  is  m a d e  o f  
C u  a n d  t h e  C u -B e  t r a n s it io n  s t a r  h a s  b e e n  g o l d  p l a t e d  
in  o r d e r  t o  r e d u c e  it s  c o n t a c t  r e s is t a n c e  a n d  t o  im p r o v e  
t h e  w e l d in g  p r o p e r t ie s . T h e  d ia m e t e r  o f  t h e  d if f e r e n t  
p a r t s  o f  t h e  j o in t  is  c h o s e n  a c c o r d in g  t o  




=
int

ln60 D
DZ ext , ( 3 )  

w h il e  t h e ir  h e ig h t s  ( h )  a r e  s u c h  t h a t  h ≅ D ex t  /  9  in  o r d e r  
t o  p r o v id e  a  s m o o t h  R F  t r a n s it io n  [ 4] . O n  o n e  s id e  o f  
t h e  c h a m b e r , t h e  s ix  C u  w ir e s  a r e  c r im p e d  a n d  w e l d e d  

o n  t h e  t r a n s it io n  s t a r s  a r m s , w h il e  o n  t h e  o t h e r  s id e  
t h e y  a r e  f ix e d  b y  c l a m p s . T h e  d ia m e t e r  o f  t h e  c ir c l e  
f o r m e d  b y  t h e  s ix  w ir e s  ( 60  m m  in  o u r  c a s e )  h a s  b e e n  
o p t im is e d  f o l l o w in g  e x p e r im e n t a l  r e s u l t s  ( n o  a n a l y t ic a l  
a p p r o a c h  is  a v a il a b l e ) . S p e c ia l  f e e d t h r o u g h s , t a k e n  
f r o m  t h e  L E P  S t a n d in g  W a v e  C a v it ie s  ( L E P  S W C ) , 
h a v e  b e e n  a l s o  u s e d  f o r  U H V  p e r f o r m a n c e  a n d  
m e c h a n ic a l l y  r o b u s t n e s s  in  o r d e r  t o  r e s is t  t h e  
m e c h a n ic a l  t e n s io n  o f  t h e  w ir e s . 
A l l  t h e s e  im p r o v e m e n t s  p r o d u c e d  t h e  e f f e c t  s e e n  in  
f ig u r e s  5 a n d  6 ( s o l id  l in e s ) . T h e  t r a n s m is s io n  
c o e f f ic ie n t  is  n o w  w it h in  t h e  c o r r e c t  l im it s  ( 0 .5 d B  a t  
60 0  M H z ) , s in c e  t h e  im p e d a n c e  is  c l o s e  t o  50  Ω a l l  
a l o n g  t h e  l in e , e x c e p t  a t  t h e  u n a v o id a b l e  t r a n s it io n  
b e t w e e n  t h e  6 w ir e s  s t r u c t u r e  a n d  f e e d t h r o u g h s . 
A n y w a y , a c c o r d in g  t o  t h e  m e a s u r e m e n t s , t h is  r e s id u a l  
m is m a t c h  c a u s e s  n o  s ig n if ic a n t  l o s s e s  in  α. 
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F ig u r e  5. T r a n s m is s io n  c o e f f ic ie n t  o f  t h e  T W  c h a m b e r  
b e f o r e  ( d o t t e d  o r a n g e  l in e )  a n d  a f t e r  ( s o l id  b l a c k  l in e )  
t h e  im p r o v e m e n t s  d e s c r ib e d  in  s e c . 1 .3 . T h e  
t r a n s m is s io n  c o e f f ic ie n t  is  w it h in  d e s ir e d  l im it s :  0 .5 d B  
u p  t o  60 0  M H z . 
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F ig u r e  6. C h a r a c t e r is t ic  im p e d a n c e  a l o n g  t h e  c h a m b e r  
b e f o r e  ( d o t t e d  o r a n g e  l in e , u p p e r  t r a c e )  a n d  a f t e r  ( s o l id  
b l a c k  l in e )  t h e  im p r o v e m e n t s  d e s c r ib e d  in  s e c . 1 .3 . 
E v e n t u a l l y , t h e  im p e d a n c e  a l o n g  t h e  l in e  is  e v e r y w h e r e  
c l o s e  t o  50  Ω e x c e p t  f o r  t h e  u n a v o id a b l e  r e s id u a l  
m is m a t c h e s  a f t e r  t h e  f e e d t h r o u g h s  ( t r a n s it io n  f r o m  t h e  
f e e d t h r o u g h s  t o  t h e  6 w ir e  s t r u c t u r e ) , w h ic h  d o  n o t  
a f f e c t  s ig n if ic a n t l y  t h e  t r a n s m is s io n  c o e f f ic ie n t . 



 
F i g u r e  7. B o t t o m  p a r t  o f  t h e  c h a m b e r , w h e r e  w e  c a n  
s e e  t h e  t r a n s i t i o n  p i e c e s  b e t w e e n  t h e  f e e d t h r o u g h s  a n d  
t h e  s i x  w i r e s . T h e  j o i n t  i s  m a d e  o f  C u , w h i l e  t h e  
t r a n s i t i o n  s t a r  i s  m a d e  o n  C u -B e . T h e  t r a n s i t i o n  s t a r  h a s  
s i x  a r m s , c o r r e s p o n d i n g  t o  t h e  s i x  i n n e r  w i r e s , b u t  o n l y  
t w o  o f  t h e m  a r e  d r a w n  h e r e .  

1.4. Coupler design. 
A s  s t a t e d  a b o v e , t h e  c o u p l e r  s h o u l d  h a v e  a  v o l t a g e  

c o u p l i n g  f a c t o r  C = 1 0  d B  i n  t h e  w h o l e  f r e q u e n c y  
r a n g e . O n  t o p  o f  t h a t , t h e  c o u p l e r  m u s t  s t a n d  D C  
i s o l a t i o n  u p  t o  1  k V  b e t w e e n  t h e  s t r i p -l i n e s  a n d  g r o u n d  
( a c c o r d i n g  t o  m u l t i p a c t i n g  s i m u l a t i o n s ) . T h e  l o w e s t  
w o r k i n g  f r e q u e n c y  ( fL )  i s  f i x e d  b y  t h e  s p a c i n g  b e t w e e n  
t h e  R F  p u l s e s . S i n c e  t h e  a i m  i s  t o  s i m u l a t e  L H C  
b u n c h e s , w h e r e  t h e  b u n c h  s p a c i n g  c a n  g o  u p  t o  ∆T = 5 0  
n s , t h e  l o w e s t  r e l e v a n t  f r e q u e n c y  i s  fL = 1 / ∆T = 2 0  M H z  
( w i t h  r e d u c e d  p e r f o r m a n c e s ) . T h e  u p p e r  f r e q u e n c y  
l i m i t  ( f M A X )  i s  s e t  t o  6 0 0  M H z  a s  e x p l a i n e d  i n  s e c . 1 .2 . 
T h e  λ / 4  s y m m e t r i c  9  s e c t i o n s  c o u p l e r  d e s c r i b e d  i n  [ 5 ]  
a c c o m p l i s h e s  o u r  r e q u i r e m e n t s . S i n c e  t h e  c e n t r a l  
f r e q u e n c y  i s  3 0 0  M H z , e a c h  s e c t i o n  i s  λ / 4 = 2 5  c m , 
w h i c h  i m p l i e s  a  c o u p l e r  l e n g t h  ~ 2 .2 5  m  ( s e e  F i g . 8) . 
D u e  t o  t h e  n o n  s t a n d a r d  s p e c i f i c a t i o n s , t h e  c o u p l e r  h a s  
b e e n  b u i l t  “ a d  h o c ”  u s i n g  c o p p e r  s t r i p s  0 .3  m m  t h i c k  
( t o  r e d u c e  o h m i c  l o s s e s )  a n d  b e n d i n g  t h e m  a s  s h o w n  i n  
F i g . 8 ( r i g h t  p i c t u r e ) . S u c h  a  “ U -l i k e  s h a p e ”  i s  r e p e a t e d  
f o r  e a c h  s e c t i o n , v a r y i n g  i t s  c h a r a c t e r i s t i c  l e n g t h s :  x,  w ,  
u ,  l, a n d  s. T h e  d i m e n s i o n s  o f  t h e  s h i e l d i n g  b o x  a r e  
c h o s e n  a c c o r d i n g  t o  t h e  c u t -o f f  f r e q u e n c y  o f  t h e  h i g h  
o r d e r  p r o p a g a t i n g  m o d e  ( i .e . 1  G H z  f o r  o u r  s t r u c t u r e ) . 
T h e  v o l t a g e  c o u p l i n g  f a c t o r  d e p e n d s  o n  t h e  

c h a r a c t e r i s t i c  i m p e d a n c e  f o r  t h e  o d d  a n d  e v e n  T E M  
p r o p a g a t i n g  m o d e s  ( Zo d d  a n d  Z e v e n ) . T h e  f r e e  d e s i g n  
p a r a m e t e r s  a r e  t h e  g e o m e t r i c a l  d i m e n s i o n s  ( d e f i n e d  i n  
F i g . 8) :  t h e y  a r e  c a r e f u l l y  d e t e r m i n e d  t o  m e e t  t h e  
r e q u i r e d  v a l u e  o f  Z o d d  a n d  Z e v e n  f o r  e a c h  s e c t i o n  [ 6 ] . F o r  
a  g i v e n  g e o m e t r y  ( i .e . a  s e t  o f  v a l u e s  f o r  x,  w ,  u ,  l, a n d  
s )  t h e  o d d  a n d  e v e n  i m p e d a n c e s  a r e  f i r s t  c o m p u t e d  
w i t h  S u p e r F i sh , a  2 -D  e l e c t r o s t a t i c  c o m p u t e r  c o d e  
w i d e  u s e d  i n  R F  a c c e l e r a t i n g  c a v i t i e s  [ 7] , a n d  t h e n  
m e a s u r e d  o n  a   s p e c i a l  t e s t  s t a n d . T h i s  p r o c e d u r e  h a s  
b e e n  t h e n  r e p e a t e d  f o r  e a c h  s e c t i o n . 
 

 
F i g u r e  8. T o p  v i e w  ( l e f t  p i c t u r e )  a n d  c r o s s  s e c t i o n  
( r i g h t  p i c t u r e )  o f  t h e  c o u p l e r . T h e  l e f t  s i d e  s h o w s  t h e  
l a y o u t  o f  t h e  c o u p l e r  w i t h  t h e  n i n e  s e c t i o n s  ( r e f e r r e d  a s  
Zi w i t h  i = 1 , … , 9 ) . S i n c e  t h e  c o u p l e r  i s  s y m m e t r i c a l , 
Zj = Z 1 0 -j ( j = 1 , … , 4 ) .T h e  r i g h t  p i c t u r e  s h o w s  t h e  c o p p e r  
s t r i p e s  p a r a m e t e r s  ( w ,  u  a n d  l )  a n d  t h e i r  p o s i t i o n s  ( x 
a n d  s )  t h a t  c h a n g e  f o r  e a c h  s e c t i o n  t o  h a v e  t h e  
a p p r o p r i a t e  v a l u e s  o f  t h e  i m p e d a n c e . A l l  d i s t a n c e s  a r e  
g i v e n  i n  m m . 
T h e  S u p e r F i sh  s i m u l a t i o n  w o r k s  a s  f o l l o w s . T h e  t w o  
s t r i p s  a r e  ( n u m e r i c a l l y )  e x c i t e d  b o t h  w i t h  a  v o l t a g e  + V 
( e v e n  m o d e )  o r  o n e  w i t h  + V a n d  t h e  o t h e r  w i t h  –V 
( o d d  m o d e ) . T h e  c o d e  c o m p u t e s  t h e  e n e r g y  s t o r e d  
i n s i d e  t h e  b o x  f o r  e a c h  e x c i t a t i o n  ( Uo d d  a n d  Ue v e n ) . 
F o l l o w i n g  t h e  a n a l o g y  w i t h  e l e c t r i c  c i r c u i t s  [ 8] , o n e  
g e t s :  
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⋅
=
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⋅⋅

=
2

2 ,  ( 5 )  

w h e r e  c i s  t h e  v e l o c i t y  o f  l i g h t . 
E a c h  s e c t i o n  i s  t h e n  t e s t e d  i n  a  d e d i c a t e d  c o u p l e r  5 0  

c m  l o n g  b u t  w i t h  e x a c t l y  t h e  s a m e  c r o s s  s e c t i o n  
d i m e n s i o n s  ( t h e  o n l y  o n e s  i m p o r t a n t  f o r  Z o d d  a n d  Z e v e n ) . 
T h e  i m p e d a n c e  o f  b o t h  m o d e s  i n  t h e  w h o l e  c o u p l e r  a r e  
s h o w n  i n  F i g . 9 , w h e r e  t h e  i d e a l  ( o r  t h e o r e t i c a l )  
i m p e d a n c e  v a l u e s  f o u n d  i n  [ 9 ]  a r e  m a r k e d  w i t h  r e d  
c r o s s e s . I n  F i g . 9 , Z o d d  a n d  Z e v e n  a r e  m e a s u r e d  
c o n n e c t i n g  t h e  V N A  t o  p o r t s  1  a n d  2  ( F i g . 8, l e f t )  
t h r o u g h  a  h y b r i d  c o u p l e r  t o  g i v e  a  p h a s e  o f f s e t :  0  
d e g r e e s  f o r  e v e n  m o d e  m e a s u r e m e n t , 1 80  d e g r e e s  f o r  
t h e  o d d  m o d e  m e a s u r e m e n t . T h e  t i m e  d o m a i n  ( s t e p  
m o d e )  r e f l e c t i o n  d a t a  a r e  t h e n  c o n v e r t e d  t o  i m p e d a n c e  
d a t a  u s i n g  E q . ( 2 ) . A f t e r  h a l f  o f  t h e  s t r u c t u r e , t h e  
p r e v i o u s  d a t a  a r e  n o t  l o n g e r  v a l i d  b e c a u s e  o f  m u l t i p l e  
r e f l e c t i o n s  a n d  t h e  s a m e  m e a s u r e m e n t  h a s  b e e n  d o n e  
f r o m  p o r t s  3  a n d  4  ( F i g . 8, l e f t ) :  t h e  r e s u l t s  a r e  v e r y  
s i m i l a r  ( m i n o r  t o l e r a n c e s ) . 



Figure 9.  Z odd a n d  Z e v e n  m ea s ured  in  t h e f in a l  c o up l er a s  
a  f un c t io n  o f  t h e t im e ( i. e.  p o s it io n  a l o n g t h e l in e) .  
A f t er h a l f  o f  t h e s t ruc t ure,  m ea s urem en t s  a re n o t  l o n ger 
v a l id  b ec a us e o f  t h e m ea s urin g ref l ec t io n s .  
 
Figure 1 0  s h o w s  t h e b eh a v io ur o f  C a s  a  f un c t io n  o f  t h e 
f req uen c y  f o r t h ree c a s es :  t h e id ea l  o n e ( c o rres p o n d in g 
ex a c t l y  t o  t h e t h eo ret ic a l  im p ed a n c e v a l ues  giv en  in  
[ 9] ) ,  t h e c a l c ul a t ed  b eh a v io ur o f  C f ro m  Zodd a n d  Z e v e n  
m ea s ured  f o r ea c h  s ec t io n  s ep a ra t el y  a n d  t h e 
m ea s urem en t  o n  t h e w h o l e c o up l er.  C o n c ern in g t h e 
b l ue c urv e o f  Fig.  1 0 ,  t h e c o up l in g f a c t o r h a s  b een  
c o m p ut ed  w it h  S E R E N A D E ,  w h il e t h e v io l et  c urv e is  
t h e t ra n s m is s io n  b et w een  p o rt s  1  a n d  2  o f  t h e c o up l er:  
A c t ua l l y ,  t h e c o up l er w o rk in g ra n ge is  f ro m  fM I N = 2 0  
M H z  up  t o  f M A X = 5 3 0  M H z  ( in s t ea d  o f  3 0  - 6 0 0  M H z ) :  
t h e ef f ec t s  o f  t h is  d if f eren c e a re n egl igib l e in  t h e f in a l  
R R  w o rk in g.  T h e rip p l e in  C is  s en s ib l e t o  s m a l l  
v a ria t io n s  o f  t h e c h a ra c t eris t ic  im p ed a n c e o f  ea c h  
s ec t io n .  

Figure 1 0 .  C o up l in g f a c t o r o f  t h e f in a l  c o up l er.  T h e 
rip p l e o f  t h e m ea s ured  c o up l in g f a c t o r ( v io l et  l in e)  is  
rea s o n a b l y  c l o s e t o  b o t h  t h eo ret ic a l  ( l igh t  b l ue l in e)  
a n d  c a l c ul a t ed  ( b l ue l in e)  b eh a v io ur in  t h e rel ev a n t  
f req uen c y  ra n ge ( 2 0  t o  5 3 0  M H z ,  a s  ex p l a in ed  in  t h e 
t ex t ) .  
1.5. Final Ring Resonator 
T h e f in a l  l a y o ut  o f  t h e R R  is  s h o w n  in  Fig.  3 .  I n  

o rd er t o  s ee t h e p o w er en h a n c em en t  ef f ec t  o f  t h e R in g 
R es o n a t o r,  w e m ea s ure t h e t ra n s m is s io n  b et w een  a  

b ut t o n  p ro b e l o c a t ed  o n  t o p  o f  t h e c h a m b er a n d  t h e 
b o t t o m  c o n n ec t io n  o f  t h e c h a m b er.  Figure 1 1  c o m p a res  
t h e s ign a l s  s een  us in g t h e R R  ( b l a c k  l in e)  c o m p a red  t o  
t h e s ign a l  in  t h e o rigin a l  T W  c h a m b er ( o ra n ge l in e) .  
T h e p o w er en h a n c em en t  o c c urs  o n l y  a t  p a rt ic ul a r 
f req uen c ies  w h ic h  a re in t eger m ul t ip l es  o f  fR =1 / TR ,  
b ein g TR t h e ro un d  t rip  t im e in  t h e R R .  T h e ro un d  t rip  
t im e d ep en d s  a l s o  o n  t h e l en gt h  o f  t h e c o n n ec t in g 
c a b l es  a n d  w a s  c h o s en  t o  b e 2 5  n s ,  a c c o rd in g t o  t h e 
n o m in a l  L H C  b un c h  s p a c in g.  Figure 1 1  s h o w s  a  v a l ue 
o f  fR c l o s e t o  4 0  M H z .  T h e d if f eren c e b et w een  t h e 
o ra n ge l in e ( m ea s ured  d irec t l y  t o  t h e c h a m b er)  a n d  t h e 
b l a c k  c urv e ( m ea s ured  us in g t h e R R )  s h o w s  a  
m in im um  ga in  a t  ( n* fR )  o f  6  d B ,  w h ere n is  a  n a t ura l  
n um b er.  
T o  c o m p en s a t e t h e 90 °  p h a s e o f f s et  in t rin s ic a l l y  

giv en  b y  t h e c o up l er,  t h e p ul s e h a s  b een  “ p re-d is t o rt ed ”  
w it h  a  p h a s e s h if t er p l a c ed  j us t  a f t er t h e s o urc e ( s ee 
Fig.  3 ) .  T h e p h a s e s h if t er en h a n c es  a l s o  t h e a m p l it ud e 
o f  t h e s ign a l  a c t ua l l y  s en t  in t o  t h e R R .  T h e p l o t  in  Fig.  
1 2  s h o w s  a  ga us s ia n  un it a ry  p ul s e b ef o re ( o ra n ge l in e)  
a n d  a f t er ( b l ue l in e)  a  90 °  p h a s e s h if t ,  a s  in  a n  id ea l  90 °  
p h a s e s h if t er.  T h e a m p l it ud e o f  t h e p h a s e s h if t ed  p ul s e 
v a ries  f ro m  -0 . 6 5  t o  + 0 . 6 5 .  A s s um in g t h a t  t h e a m p l if ier 
o ut p ut  v o l t a ge s w in g is  ± 1  ( a f t er n o rm a l is a t io n ) ,  t h e 
“ b ip o l a r-l ik e”  s ign a l  is  a m p l if ied  b y  2 / 1 . 3 = 1 . 5 3 ,  i. e.  3 . 7  
d B .  T h us  t h e t o t a l  p o w er en h a n c em en t  is  6 + 3 . 7 = 9. 7  
d B .  
T h us  t h e a v a il a b l e a m p l it ud e o f  t h e T W  p ul s es  c a n  

b e a t  l ea s t  3  t im es  b igger,  w h ic h  a l l o w  t o  p ro d uc e 
m ul t ip a c t in g el ec t ro n s  o f  ro ugh l y  2 0 0  eV .  A t  t h is  
en ergy ,  t y p ic a l l y  t h e S E Y  is  b igger t h a n  1 . 3  
( m ul t ip a c t in g t h res h o l d )  a n d  c l o s e t o  it s  m a x im um  
( S E Y m a x ) .   

Figure 1 1 .  A m p l it ud e o f  t h e s ign a l  s een  in  a  b ut t o n  
p ic k -up  o n  t h e t o p  o f  t h e c h a m b er a s  a  f un c t io n  o f  t h e 
f req uen c y  w it h  t h e ef f ec t  o f  t h e R R  ( b l a c k  l in e)  
c o m p a red  w it h  t h e o rigin a l  c h a m b er ( o ra n ge l in e) .  I n  
t h is  p l o t ,  t h e m a x im um  p ea k s  f req uen c y  ra t e f o r t h e R R  
s et -up  is  s l igh t l y  l a rger t h a n  4 0  M H z  d ue t o  c a b l es  
l en gt h .  

0

2 5

50

7 5

1 00

- 5 0 5 1 0 1 5 2 0 2 5 3 0
time(ns)

Z(
oh

ms
)

Theoret ical values
O d d  im p .  m eas
E ven  im p .  m eas

-50
-4 0
-3 0
-2 0
-1 0
0

0 0, 2 0, 4 0, 6f (GHz)

dB Theoret ical coupling factor
C alculated  coupling factor
M eas ured  coupling factor

-120

-100

-8 0

-6 0

-4 0

0, E + 00 1, E + 08 2, E + 08 3 , E + 08 4 , E + 08 5 , E + 08 6 , E + 08
f(Hz)

dB

Ring Resonator signal 
O riginal c h am b er signal



Figure 1 2 .  E f f ec t  o f  a  9 0 °  p h a s e s h if t  o n  a  ga us s ia n  
p ul s e.  T h e p l o t  s h o w s  a  ga us s ia n  un it  p ul s e b ef o re 
( b l ue l in e)  a n d  a f t er ( o ra n ge l in e)  a  9 0 °  p h a s e s h if t ,  a s  
in  a n  id ea l  p h a s e s h if t er.  T h e c urv es  a re o b t a in ed  
m ea s urin g w it h  V N A  ( t im e d o m a in ,  p ul s e m o d e)  t h e 
t ra n s m is s io n  t h ro ugh  a  c a b l e b et w een  p o rt  1  a n d  p o rt 2 .  

2. THE STANDING WAVES SINGL E 
C O NDU C TO R  C O AX IAL  C HAM B ER  

2.1. Introduction: motivation for a Standing 
W ave s  s ingl e  conductor coax ial  ch amb e r 
I n  a n  a c c el era t o r,  t h e em it t ed  el ec t ro n s  f ro m  o n e s id e 

o f  t h e w a l l  c ro s s  t h e c h a m b er t o  im p a c t  t h e o t h er s id e 
o f  t h e c h a m b er ( t w o  p o in t s  m ul t ip a c t in g) .  A s  s een  in  
s ec .  1 ,  t h is  c a n  b e s im ul a t ed  b y  a  T W  s t ruc t ure,  b ut  t h e 
el ec t ric  f iel d  a v a il a b l e is  l im it ed .  I n  o rd er t o  rea c h  
h igh er el ec t ric  f iel d s ,  a  S t a n d in g W a v e ( S W )  s in gl e 
c o n d uc t o r c o a x ia l  c h a m b er h a s  b een  d ev el o p ed  a n d  
us ed  t o  t es t  m ul t ip a c t in g.  S in c e in  a  S W  c o n f igura t io n  
el ec t ric  f iel d  is  c o n f in ed  in s id e t h e res o n a t o r,  t h e 
el ec t ro n  en ergy  a n d  b o m b a rd m en t  d o s e c a n  b e h igh  
en o ugh  t o  s im ul a t e a c c el era t o r c o n d it io n s .  N o t  o n l y  
f ul l y  t rea t ed  s urf a c e c a n  b e t es t ed ,  b ut  a l s o  t h e s t ud y  o f  
s a m p l es  is  s uit a b l e.  N ev ert h el es s ,  t h is  s et -up  d o es  n o t  
s a t is f a c t o ril y  s im ul a t e t h e m ul t ip a c t in g in  a n  
a c c el era t o r:  in  a  S W  c o n f igura t io n  ( d ue t o  R F 
s in us o id a l  f iel d )  t h e o ut go in g el ec t ro n s  f ro m  o n e w a l l  
m a y  h it  a ga in  t h e s a m e s urf a c e a f t er o n e o r s ev era l  
c o m p l et e R F c y c l es  ( o n e p o in t  m ul t ip a c t in g)  [ 1 0 ] .  
T h ere a re s ev era l  rea s o n s  t o  s t ud y  t h is  ef f ec t .  I n  f a c t ,  

m ul t ip a c t in g c urren t s  c a n  a b s o rb  R F en ergy  a n d  
p ro d uc e b rea k d o w n  in  h igh  p o w er c o m p o n en t s ,  s uc h  a s  
c o up l ers  o r R F a c c el era t o r c a v it ies  ( s up erc o n d uc t in g o r 
n o t ) .  I t  is  us ef ul  t o  c o m p a re d if f eren t  s urf a c e 
t rea t m en t s  o r d if f eren t  m a t eria l s ,  p ro v id in g a  
‘ c a l ib ra t io n ’  f o r n um eric a l  s im ul a t io n s .  
2.2. E x p e rime ntal  s e t-up  
T h e S W  s in gl e c o n d uc t o r c o a x ia l  c h a m b er is  n o t h in g 
el s e t h a n  a  c o a x ia l  res o n a t o r:  a  1 . 5  m  l o n g c o a x ia l  l in e 
s h un t ed  a t  b o t h  en d s  ( w it h  a n  in n er d ia m et er is  3 2  m m  
a n d  a n  o ut er o n e o f  1 0 0  m m ) .  T h e up p er en d  h o l d s  t w o  
a d j us t a b l e m a gn et ic  c o up l ers :  o n e,  c rit ic a l l y  c o up l ed ,  
f o r f eed in g R F p o w er a n d  t h e s ec o n d  o n e,  w eek l y  
c o up l ed ,  t o  m ea s ure in  t ra n s m is s io n  m o d e t h e 
res o n a n c e f req uen c y  a n d  t h e q ua l it y  f a c t o r Q.  T h e 

l o w er p l a n e is  p erf o ra t ed  ( t o w a rd s  t h e v a c uum  p um p )  
in  o rd er t o  a l l o w  t h e v a c uum  p um p in g o f  t h e res o n a t o r.  
A  t y p ic a l  o p era t io n a l  v a c uum  p res s ure is  5  1 0 -8  m b a r.  
A n  el ec t ro n  p ic k -up  is  p l a c ed  in  t h e m id d l e o f  t h e 
res o n a t o r w h ere t h e el ec t ric  f iel d  is  m a x im um  ( in  t h e 
f un d a m en t a l  m o d e)  a n d  t h us  w h ere m o s t  o f  t h e 
el ec t ro n s  a re p ro d uc ed  ( s ee Fig.  1 3 ) .  T h e p ic k -up  
l a y o ut  d ep en d s  o n  t h e a c t ua l  m ea s urem en t  a n d  t w o  
t y p ic a l  o n es  a re d is c us s ed  b el o w .  

 
Figure 1 3 .  L a y o ut  o f  t h e c o a x ia l  res o n a t o r w it h  d et a il s  
o f  t o p  a n d  b o t t o m  p a rt s .  T h e in n er c o n d uc t o r is  s il v er 
p l a t ed  t o  in c rea s e it s  c o n d uc t a n c e,  a n d  t h e el ec t ro n  
p ic k -up  is  p l a c ed  in  t h e m id d l e o f  t h e res o n a t o r w h ere 
t h e el ec t ric  f iel d  is  m a x im um .  T h e up p er en d  h o l d s  t h e 
t w o  a d j us t a b l e m a gn et ic  c o up l ers ,  w h il e t h e l o w er en d  
is  p erf o ra t ed  t o  a l l o w  t h e v a c uum  p um p in g o f  t h e 
res o n a t o r.  L en gt h s  a re giv en  in  m m .  
T h e res o n a t o r is  o p era t ed  in  t h e f un d a m en t a l  T E M  
m o d e,  a t  a  res o n a n t  f req uen c y  f0 ( f0= 9 8 . 7  M H z ) ;  a  d rif t  
o f  f0 ( ± 0 . 1  %  v a ria t io n )  h a s  b een  o b s erv ed  a n d  it  is  
m a in l y  d ue t o  t em p era t ure,  w h ic h  v a ries  w it h  t h e 
d is s ip a t ed  p o w er in  t h e s t ruc t ure.  A s  c o n f irm ed  b y  
s im ul a t io n s  [ 1 1 ] ,  m ul t ip a c t in g is  o n e p o in t  t y p e a n d  
t a k es  p l a c es  in  t h e in n er s urf a c e o f  t h e o ut er c o n d uc t o r.  
T h e o ut er c o n d uc t o r is  m a d e o f  s t a in l es s  s t eel  w h il e t h e 
in n er c o n d uc t o r is  s il v er-p l a t ed  in  o rd er t o  im p ro v e it s  
c o n d uc t a n c e:  t h e f iel d  is  h igh er t h ere a n d  t h e s il v er 
p l a t in g in c rea s es  t h e q ua l it y  f a c t o r  Q o f  t h e res o n a t o r.   
Ql o a d  is  t h e ra t io  b et w een  t h e en ergy  s t o red  in  t h e 
res o n a t o r a n d  t h e p o w er l o s s es :   

p
load P

WfQ 0
= ,   ( 6 )  

w h ere W is  t h e t o t a l  s t o red  en ergy  a n d  Pp is  t h e p o w er 
l o s t  in  t h e res o n a t o r,  in c l ud in g t h e ex t ern a l  c o up l in g 
s y s t em  ( l o s s es  d ue t o  f eed in g c o up l ers ,  t ra n s m it t er,  
et c ) .  Fo r t h is  s et -up ,  Ql o a d  h a s  b een  c o m p ut ed  f ro m  t h e 
v o l t a ge m ea s ured  a t  t h e o ut p ut  c o up l er a s  a  f un c t io n  o f  
t h e f req uen c y :  
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w h e r e  f0 c o r r e s p o n d s  t o  a n  o u t p u t  v o l t a g e  o f V m a x , a n d  
f2 a n d  f1 a r e  t h e  fr e q u e n c i e s  a t  w h i c h  V = V m a x /√ 2  (3  d B  
p o i n t s ).  U s u a l l y  w h e n  fe e d i n g  p o w e r  i n t o  a  r e s o n a t o r  
fr o m  a  RF  s o u r c e , p a r t  o f i t  g o e s  i n t o  t h e  r e s o n a t o r  a n d  
p a r t  o f i t  i s  l o s t  i n  t h e  c o u p l i n g  c i r c u i t .  T h e  s o  c a l l e d  
“ c r i t i c a l  c o u p l i n g ”  i s  w h e n  a l l  p o w e r  g o e s  t o  t h e  
r e s o n a t o r  a n d  n o  r e fl e c t i o n  o c c u r s  [ 1 2 ] .  O n e  c a n  r e a c h  
a  c o n d i t i o n  c l o s e  t o  c r i t i c a l  c o u p l i n g  b y  m o d i fy i n g  t h e  
c o u p l i n g  c i r c u i t  (t o  m i n i m i s e  r e fl e c t i o n s ).  A s s u m i n g  
c r i t i c a l  c o u p l i n g , t h e  Q o f t h e  r e s o n a t o r  i s  t w i c e  t h e  
Ql o a d  m e a s u r e d  fr o m  t h e  c o u p l i n g  c i r c u i t  (i n  o u r  c a s e  
Q= 2 * Ql o a d = 76 0 ).   
T h e  m a g n e t i c  c o u p l i n g  l o o p s  a r e  m o u n t e d  o n  t w o  
m a n u a l  d r i v e s , w h i c h  a l l o w  a d j u s t m e n t  o f t h e i r  a c t i v e  
a r e a .  T h e  RF  p o w e r  i s  fe d  t o  t h e  r e s o n a n t  r e s o n a t o r  v i a  
t h e  i n p u t  c o u p l i n g  l o o p .  I t s  p o s i t i o n i n g  a l l o w s  t o  
c h a n g e  t h e  i n p u t  c o u p l i n g  a n d  o b t a i n  c r i t i c a l  c o u p l i n g  
(i . e .  m i n i m i z i n g  t h e  r e fl e c t e d  m e a s u r e d  s i g n a l ).  T h e  
o u t p u t  l o o p  i s , i n s t e a d , a d j u s t e d  t o  o b s e r v e  a  s m a l l  
s i g n a l  fr o m  t h e  e l e c t r o m a g n e t i c  fi e l d  s t o r e d  i n  t h e  
r e s o n a t o r .  B o t h  l o o p s  a r e  p l a c e d  w h e r e  t h e  m a g n e t i c  
fi e l d  i s  m a x i m u m .   
2.3. Electric field calibration 
T h e  m a x i m u m  a m p l i t u d e  o f t h e  e l e c t r i c  fi e l d  i n s i d e  

t h e  c h a m b e r  i s  m e a s u r e d  fr o m  t h e  p o w e r  s t o r e d  i n  t h e  
r e s o n a t o r .  T h e  s i g n a l  g e n e r a t o r  p r o d u c e s  t h e  i n p u t  
s i g n a l , w h i c h  t h e n  i s  a m p l i fi e d  b y  a  5 0  d B  a m p l i fi e r  
(s e e  F i g .  1 4 ).  A  p o w e r  m e t e r  m e a s u r e s  t h e  i n c i d e n t  
p o w e r  t o  a n d  t h e  r e fl e c t e d  p o w e r  fr o m  t h e  r e s o n a t o r .  

 
F i g u r e  1 4 .  L a y o u t  u s e d  t o  m e a s u r e  t h e  p o w e r  i n s i d e  t h e  
r e s o n a t o r , a n d  t h u s , c a l c u l a t e  t h e  e l e c t r i c  fi e l d .  T h e  
s i g n a l  g e n e r a t o r  s e n d s  t h e  RF  s i n u s o i d a l  s i g n a l , w h i c h  
t h e n  i s  a m p l i fi e d  (5 0  d B ) b y  t h e  p o w e r  a m p l i fi e r  a n d  
fi n a l l y  i n t r o d u c e d  t o  t h e  r e s o n a t o r  v i a  t h e  i n p u t  
c o u p l e r .  T h e  p o w e r  m e t e r  m e a s u r e s  t h e  i n c i d e n t  a n d  
r e fl e c t e d  p o w e r , w h i l e  t h e  p o w e r  s t o r e d  i n  t h e  
r e s o n a t o r  i s  m e a s u r e d  w i t h  t h e  o u t p u t  c o u p l e r .  
T h e  v o l t a g e  d i ffe r e n c e  b e t w e e n  t h e  i n n e r  a n d  o u t e r  

c o n d u c t o r  i s  g i v e n  b y  [ 1 3 ]  
)/4( π⋅⋅⋅= ZQPu loadinside  (8 ) 

w h e r e  P i n s i d e  i s  m e a s u r e d , a n d  Z i s  t h e  c h a r a c t e r i s t i c  
i m p e d a n c e  c a l c u l a t e d  u s i n g  E q .  (3 ).  
I n  a n  i n fi n i t e l y  l o n g  c o a x i a l  l i n e , t h e  e l e c t r i c  fi e l d  
p r o d u c e d  b y  a  i n n e r  c o n d u c t o r  w i t h  l i n e a r  c h a r g e  
d e n s i t y  λ i s :   
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b e i n g  ε0 t h e  v a c u u m  d i e l e c t r i c  c o n s t a n t .  A n a l o g o u s  t o  
w h a t  i s  s e e n  i n  E q .  (8 ), t h e  p o t e n t i a l  u c a n  b e  
c a l c u l a t e d  a s :  
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w i t h  Rext t h e  i n t e r n a l  r a d i u s  o f t h e  o u t e r  c o n d u c t o r , a n d  
R i n t t h e  r a d i u s  o f t h e  i n n e r  c o n d u c t o r .   
C o m p a r i n g  e q s .  (8 , 1 0 ) a n d  t h e n  u s i n g  E q .  (9 ), o n e  g e t s  
t h e  e l e c t r i c  fi e l d  i n  t e r m s  o f t h e  p o w e r  m e a s u r e d  i n s i d e  
t h e  r e s o n a t o r , i . e .  
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T h i s  e x p r e s s i o n  fo r  t h e  e l e c t r i c  fi e l d  i s  u s e d  t o  s e t  t h e  
m u l t i p a c t i n g  t h r e s h o l d  o f t h e  m a t e r i a l  u n d e r  s t u d y .  
A c c o r d i n g  t o  [ 1 4 ] , t h e  e l e c t r i c  fi e l d  t h a t  a c c e l e r a t e s  
m u l t i p a c t i n g  e l e c t r o n s  i n  a n  a c c e l e r a t o r  (c i r c u l a r ) b e a m  
p i p e  i s  

)(2 0 bpipe

b
tcr

qE
∆⋅

=
πε

 (1 2 ) 

w h e r e  qb i s  t h e  b u n c h  c h a r g e , r p i p e  i s  t h e  p i p e  r a d i u s  a n d  
∆tb t h e  b u n c h  s p a c i n g .  F o r  e x a m p l e , a s s u m i n g  fo r  t h e  
C E RN -S P S  a  c i r c u l a r  b e a m  p i p e , t h e  e x p e c t e d  e l e c t r i c  
fi e l d  i n  t h e  S P S  a n d  t h e  fi e l d  a c t u a l l y  g o t  i n  t h e  b e n c h  
s e t -u p  h a v e  t h e  s a m e  o r d e r  o f m a g n i t u d e  o f r o u g h l y  1 0 4 
V /m , i . e .  P i n s i d e = 1 0  W  (1 0 1 1  p r o t o n s , 2 . 5 c m  p i p e  r a d i u s  
a n d  1  n s  b u n c h  l e n g t h ).  T h u s  a l s o  t h e  e l e c t r o n  
b o m b a r d m e n t  d o s e  i n  t h e  b e n c h  s e t -u p  i s  c l o s e  t o  t h e  
S P S  o n e , v a l i d a t i n g  t h i s  m e t h o d  t o  t e s t  d i ffe r e n t  
s u r fa c e  t r e a t m e n t s .  
2.4. Multipacting signatures 
T h e  S W  c o a x i a l  c h a m b e r  a l l o w s  t h e  d e t e c t i o n  o f 

m u l t i p a c t i n g  i n  t w o  d i ffe r e n t  w a y s .  T y p i c a l  s i g n a t u r e s  
a r e  t h e  s u d d e n  p r e s s u r e  r i s e , a n d  t h e  c o l l e c t i o n  e l e c t r o n  
c u r r e n t  a t  t h e  p i c k  u p .  B y  a m p l i t u d e  a n d  fr e q u e n c y  
m o d u l a t i o n  o f t h e  i n p u t  s i g n a l , i t  i s  a l s o  p o s s i b l e  t o  
d e t e r m i n e  h o w  m u l t i p a c t i n g  a ffe c t s  t h e  r e s o n a n t  
c o n d i t i o n s .   
2.4.1 . P ressure rise 
D u e  t o  E l e c t r o n  S t i m u l a t e d  D e s o r p t i o n  (E S D ), w h e n  

m u l t i p a c t i n g  t a k e s  p l a c e , t h e  v a c u u m  p r e s s u r e  r i s e s  
d e p e n d i n g  o n  t h e  e l e c t r i c  fi e l d  a m p l i t u d e .  T h e  p r e s s u r e  
i s  m e a s u r e d  b y  a  P e n n i n g  v a c u u m  g a u g e  l o c a t e d  o n  t h e  
p u m p i n g  s t a n d  (F i g .  1 3 ).  T h u s  v a r y i n g  t h e  e l e c t r i c  fi e l d  
a m p l i t u d e , t h e  p r e s s u r e  g r o w t h  c a n  b e  c o n t r o l l e d , a s  
s h o w n  i n  F i g .  1 5 , w h e r e  t h e  t i m e  e v o l u t i o n  o f t h e  
p r e s s u r e  c a n  b e  s e e n .  T h e  p r e s s u r e  i n c r e a s e s  
(d e p e n d i n g  o n  t h e  e l e c t r i c  fi e l d  i n s i d e ) u p  t o  a  fa c t o r  o f 
8 , c l o s e  t o  t h e  v a l u e s  fo u n d  i n  a c c e l e r a t o r s  [ 1 5 ] .  
 



 
F i g u r e  1 5 . P r e s s u r e  b e h a v i o u r  v a r y i n g  t h e  e l e c t r i c  f i e l d  
a m p l i t u d e  i n  t h e  r e s o n a t o r . T h e  w o r k i n g  p r e s s u r e  i s  5  
1 0 -8 m b a r ,  b u t  w h e n  m u l t i p a c t i n g  i s  t r i g g e r e d  
( t = 1 0 m i n )  t h e  p r e s s u r e  s u d d e n l y  i n c r e a s e s ,  u p  t o  a  
s t a b l e  v a l u e . I n c r e a s i n g  t h e  e l e c t r i c  f i e l d ,  t h e  p r e s s u r e  
s t i l l  i n c r e a s e s . 

2.4.2. Electron current 
T h e  m u l t i p a c t i n g  e l e c t r o n s  c a n  b e  d e t e c t e d  b y  t h e  

p o s i t i v e l y  b i a s e d  p i c k -u p  w h e r e  t h e y  i n d u c e  a  n e g a t i v e  
s i g n a l . V a r y i n g  t h e  p o w e r  i n  t h e  r e s o n a t o r  a r o u n d  t h e  
m u l t i p a c t i n g  t h r e s h o l d ,  a l l o w s  t h e  d e t e c t i o n  o f  t h e  
b e g i n n i n g  o f  m u l t i p a c t i n g . T h i s  t h r e s h o l d  i s  u s u a l l y  
g i v e n  i n  t e r m s  o f  e l e c t r i c  f i e l d ,  u s i n g  E q . ( 1 1 ) . T h e  
e l e c t r o n  c u r r e n t  m e a s u r e d  o n  t h e  p i c k  u p  c a n  b e  a l s o  
m o d u l a t e d  b y  v a r y i n g  t h e  a m p l i t u d e  o f  t h e  i n c i d e n t  
p o w e r  w i t h  t h e  s i g n a l  g e n e r a t o r . T h i s  e f f e c t  i s  s h o w n  i n  
F i g . 1 6 ,  w h e r e  t h e  i n c i d e n t  s i g n a l  w a s  1 0 %  m o d u l a t e d  
i n  a m p l i t u d e  a r o u n d  t h e  m u l t i p a c t i n g  l e v e l  a t  a  
f r e q u e n c y  o f  1 0  H z . F o r  e l e c t r i c  f i e l d  a m p l i t u d e s  l o w e r  
t h a n  t h e  m u l t i p a c t i n g  t h r e s h o l d ,  n o  e l e c t r o n  c u r r e n t  i s  
c o l l e c t e d ,  b u t  w h e n  m u l t i p a c t i n g  i s  a c t i v e ,  t h e  e l e c t r o n  
c u r r e n t  i n c r e a s e s  w h e n  i n c r e a s i n g  t h e  i n p u t  p o w e r  ( i .e . 
t h e  e l e c t r i c  f i e l d  i n  t h e  r e s o n a t o r ) . F o r  e a c h  i n p u t  
p o w e r  l e v e l ,  t h e  e l e c t r o n  c u r r e n t  i s  l i m i t e d  p r e s u m a b l y  
b y  s p a c e  c h a r g e  e f f e c t s . 

 
F i g u r e  1 6 . E l e c t r o n  c u r r e n t  v e r s u s  e l e c t r i c  f i e l d  ( 1 0 %  
m o d u l a t i o n  a t  1 0  H z  o f  t h e  r e s o n a t o r  i n p u t  s i g n a l ) . T h e  
a m p l i t u d e  m o d u l a t i o n  i s  d o n e  u s i n g  t h e  s i g n a l  
g e n e r a t o r . W h e n  m u l t i p a c t i n g  t a k e s  p l a c e ,  e l e c t r o n  
c u r r e n t  i s  d e t e c t e d  o n  t h e  p i c k -u p . F o r  e l e c t r i c  f i e l d  
b e l o w  t h e  m u l t i p a c t i n g  l e v e l ,  n o  e l e c t r o n  c u r r e n t  i s  
c o l l e c t e d . 
T h e  t h r e s h o l d  c h a n g e s  d e p e n d i n g  o n  t h e  m a t e r i a l  
i n s i d e  t h e  r e s o n a t o r ,  a s  i t  w i l l  b e  s e e n  i n  s e c . 2 .4 . A  

s u r p r i s i n g  e f f e c t  w a s  d e t e c t e d  b y  m o d u l a t i n g  t h e  
a m p l i t u d e  o f  t h e  e l e c t r i c  f i e l d  w i t h  a t  i n c r e a s i n g  
f r e q u e n c i e s . F i g u r e  1 7  w a s  r e c o r d e d  i n  t h e  s a m e  
c o n d i t i o n s  a s  F i g . 1 6 ,  ( 1 0 %  a m p l i t u d e  m o d u l a t i o n )  b u t  
t h e  f r e q u e n c y  o f  t h e  a m p l i t u d e  m o d u l a t i o n  w a s  m u c h  
f a s t e r :  1 0 0  H z . T h i s  h y s t e r e s i s  c y c l e  s h o w s  t h a t ,  a t  
l e a s t  f o r  t h i s  s e t -u p ,  i t  i s  e a s i e r  t o  m a i n t a i n  m u l t i p a c t i n g  
t h a n  t o  t r i g g e r  i t . 

 
F i g u r e  1 7 . E l e c t r o n  c u r r e n t  v e r s u s  e l e c t r i c  f i e l d  ( 1 0 %  
m o d u l a t i o n  a t  1 0 0  H z  o f  t h e  r e s o n a t o r  i n p u t  s i g n a l ) . 
H y s t e r e s i s  c y c l e  f o r  t h e  e l e c t r o n  c u r r e n t  i s  d e t e c t e d :  
t r i g g e r i n g  m u l t i p a c t i n g  w h e n  t h e r e  a r e  e l e c t r o n s  i n s i d e  
t h e  r e s o n a t o r  i s  e a s i e r  t h a n  t r i g g e r i n g  i t  w h e n  t h e r e  a r e  
n o  e l e c t r o n s . 

2.4.3 . S et-up  d etuni ng  
B y  m o d u l a t i n g  t h e  i n p u t  p o w e r  a n d  r e c o r d i n g  t h e  

a m p l i t u d e  o f  t h e  r e f l e c t e d  a n d  t r a n s m i t t e d  s i g n a l s ,  i t  i s  
p o s s i b l e  t o  d e t e c t  t h e  o n s e t  o f  m u l t i p a c t i n g . F i g u r e  1 8  
s h o w s  t h e  o u t l i n e  o f  t h e  m e a s u r e m e n t  s e t -u p :  t h e  R F  
g e n e r a t o r  i s  o p e r a t e d  i n  a m p l i t u d e  m o d u l a t i o n  m o d e ,  
w i t h  a  t y p i c a l  m o d u l a t i o n  i n d e x  o f  1 0 % . A  b i -
d i r e c t i o n a l  c o u p l e r  p e r m i t s  t h e  m e a s u r e m e n t  o f  t h e  
i n p u t  p o w e r  a n d  o f  t h e  r e f l e c t e d  s i g n a l . T h e  f i e l d  
a m p l i t u d e  i n s i d e  t h e  r e s o n a t o r  i s  m e a s u r e d  b y  t h e  
o u t p u t  c o u p l e r . T h e  b i a s e d  p i c k u p  a n d  t h e  e l e c t r o m e t e r  
a l l o w  t o  m e a s u r e  t h e  e l e c t r o n  c u r r e n t  a t  t h e  r e s o n a t o r  
w a l l . T h o s e  s i g n a l s  a r e  r e c o r d e d  b y  a n  o s c i l l o s c o p e . 

 
F i g u r e  1 8 . L a y o u t  f o r  t h e  m e a s u r e m e n t  o f  t h e  r e f l e c t e d  
a n d  t r a n s m i t t e d  w a v e . A f t e r  b e i n g  a m p l i f i e d  b y  t h e  5 0  
d B  p o w e r  a m p l i f i e r ,  a  –2 0 d B  d i r e c t i o n a l  c o u p l e r  i s  
p l a c e d  b e t w e e n  t h e  r e s o n a t o r  a n d  t h e  p o w e r  a m p l i f i e r . 
T h i s  d i r e c t i o n a l  c o u p l e r  p e r m i t s  t o  m e a s u r e  t h e  
i n c i d e n t  w a v e  a n d  t h e  r e f l e c t e d  w a v e  p r o d u c e d  i n  t h e  
r e s o n a t o r . T h e  t r a n s m i t t e d  w a v e  i s  m e a s u r e d  w i t h  t h e  
o u t p u t  c o u p l e r ,  t h e  e l e c t r o n  c u r r e n t  i s  c o l l e c t e d  b y  t h e  
b i a s e d  p i c k -u p  a n d  a m p l i f i e d  b y  t h e  e l e c t r o m e t e r . 



Typical results are shown in Fig. 19: the time evolution 
of  the transmitted  and  ref lected  signal,  as well as the 
electron current are record ed  while mod ulating 
amplitud e without using the d iod es of  Fig. 18 . D uring 
multipacting,  the space charge d ue to electrons d etunes 
the resonator and  the resonant cond itions are no longer 
f ulf illed . Thus,  when multipacting is triggered ,  
transmission levels of f  ( top trace)  and  ref lection 
increases ( mid d le trace) ,  which is evid enced  b y the 
electron current in the pick -up ( b ottom trace) . 
 

 
Figure 19. Time evolution of  the transmitted  signal 
( top) ,  ref lected  signal ( centre) ,  and  electron current 
( b ottom) ,  while mod ulating amplitud e ( 10 % ) . W hen 
the electric f ield  ex ceed s the multipacting level,  
transmission b ecomes f lat,  ref lection increases and  
electron current is collected . 

2.5. Scrubbing effect for different materials 
The present layout allows the comparison of  

multipacting level f or d if f erent samples introd uced  in 
the resonator ( operated  in the f und amental mod e) . The 
max imum electric f ield  is in the centre of  the resonator,  
where the electron pick -up and  the sample are located . 
I f  the multipacting level of  the sample is lower than the 
one of  stainless steel,  multipacting is f irst prod uced  on 
the sample,  and  then on the other parts of  the resonator. 
I n the f ollowing,  we d iscuss measurement of  
multipacting level in stainless steel sample as well as 
f errite and  amorphous carb on ( a-C ) .  
Two d if f erent pick -up conf igurations are used : one to 
stud y the b ehaviour of  the whole chamb er,  and  one f or 
samples of  d if f erent material ( Fig. 2 0 ) . I n the f irst case,  
the pick -up is located  b ehind  a grid  of  the same 
material as the vacuum chamb er. The grid  is actually a 
part of  the outer cond uctor surf ace. M ultipacting tak es 
place on the grid ,  and  the electrons leaving its surf ace 
pass through its holes and  are collected  in the electrod e 
b ehind  the grid . I n the second  pick -up conf iguration,  
the sample is supported  b y the pick -up itself  and  
b ecomes part of  the vacuum chamb er wall. H ence,  
electrons outgoing the sample surf ace come b ack  to the 
collector prod ucing an electron current. I n b oth cases,  
d uring continuous ex posure,  the electron d ose is 
estimated  b y time integration of  the pick -up current. 

 
Figure 2 0 . P ick ups used  to measure multipacting level 
of  the whole chamb er ( lef t)  and  of  samples of  d if f erent 
materials ( right) . The grid  used  on the lef t pick -up is 
part of  the outer cond uctor surf ace wall. E lectrons 
emitted  f rom the surf ace pass through the holes of  the 
grid  and  reach the pick -up surf ace collector. O n the 
other hand ,  the pick -up sample ( right)  f orms part of  the 
wall chamb er surf ace and  it acts also as the electron 
collector. E lectrons emitted  b y the sample reach again 
the collector surf ace. 

2.5.1 . Scrubbing effect for stainless steel 
The f irst step is to measure the multipacting level f or 

the stainless steel,  that is,  the minimum electric f ield  
amplitud e ( E 0

s s )  that will trigger the electron cloud  
insid e the chamb er. Theref ore a stainless steel grid  has 
b een placed  in f ront of  the pick -up ( Fig. 2 0 )  and  
whenever the f ield  magnitud e of  E 0

s s  is reached ,  the 
electron avalanche starts in the grid  and  in the 
surround ing area.  
The minimum electric f ield  E0s s  to trigger multipacting 
varies af ter d ose ex posures. I n Fig. 2 1,  the electron 
current is plotted  versus the electric f ield  insid e the 
resonator af ter 3  d if f erent electron ex posures,  and  the 
multipacting level is set as the electric f ield  
correspond ing to a measurab le electron current. 
M ultipacting level of  " as received "  stainless steel is 5 .8  
k V / m,  b ut it increases with the electron d ose 
( scrub b ing ef f ect) . 
This ef f ect is well k nown ( b ut not yet completely 
und erstood )  as “ R F cond itioning”  in R F d evices [ 10 ] . 
G enerally,  the S E Y  d ecreases with the ex posed  d ose 
[ 16 ] ,  and  thus,  larger electric f ield  amplitud es are 
req uired  to trigger multipacting. 

 
Figure 2 1. E lectron current versus electric f ield  
amplitud e f or stainless steel. A f ter d if f erent d ose 
ex posures,  b igger electric f ield  is req uired  to trigger 
multipacting ( scrub b ing ef f ect) . 



2.5.2. Scrubbing effect for ferrite sample 
In the framework of the studies of the longitudinal 

b eam c oup ling imp edanc e in the L HC  inj ec tion kic ker 
model [ 1 7 ] ,  it is imp ortant to ev aluate the multip ac ting 
lev el for the ferrite used in the kic ker y oke. F igure 2 2  
shows again the c urrent in the p ic k-up  as a func tion of 
the resonator field:  the multip ac ting lev el for ferrite is 
c lose to 1 .8  kV / m,  and there is no notic eab le sc rub b ing 
effec t ( at least for this kind of ferrite)  in the measured 
dose range ( 0 -0 .1 8  mC / mm2 ) . A c tually ,  two 
multip ac ting lev els are detec ted:  the first one ( 1 .8  
kV / m)  is due to the ferrite,  while the sec ond one ( 5 .5  
kV / m)  c orresp onds to stainless steel. T herefore it is 
ev ident that multip ac ting is p roduc ed first on the 
v ertic al c entre of the resonator ( where the ferrite is 
p lac ed)  and then in the other p arts. It is worth noting 
that the multip ac ting lev el for stainless steel is slightly  
lower than the p rev ious v alue found for stainless steel 
alone ( 5 .8  kV / m)  b ec ause it is easier to trigger the 
multip ac ting if there are already  elec trons in the 
resonator ( similarly  to the hy steresis effec t mentioned 
in sec . 2 .3 ) .  

 
F igure 2 2 . E lec tron c urrent v ersus elec tric  field 
amp litude for a ferrite samp le. T wo multip ac ting lev els 
c an b e seen in this p lot:  the first one ( at ~ 2  kV / m)  
c orresp onding to the ferrite samp le,  the sec ond one ( ~ 5  
kV / m)  c orresp onding to the stainless steel c hamb er. 

2.4 .3 . Scrubbing effect for a-C  sample†  
O ther tests hav e b een c arried out on samp les of 

D iamond ty p e amorp hous c arb on ( a-C ) ,  known as D L C  
( D iamond L ike-C arb on) . S uc h a material may  b e an 
interesting c oating against multip ac ting sinc e it has 
v ery  good mec hanic al p rop erties and it is v ery  easy  to 
p rep are [ 1 8 ] . A c tually  a samp le of a-C  H-terminated 
diamond has b een tested. 
F igure 2 3  is analogous to F ig. 2 1  and 2 2 . It shows a 
v alue of E0a-C≅ 4 .5  kV / m indep endently  of the ex p osed 
elec tron dose,  whic h is lower than the v alue for 
stainless steel ev en j ust after v enting ( E 0

s s  =  5 .8  kV / m) .  
                                                           
† Sample provided by Joan Esteve, from the Applied Physics 
D epartment of the U niversitat de B arcelona.  

 
F igure 2 3 . E lec tron c urrent v ersus elec tric  field 
amp litude for an a-C  samp le. N o sc rub b ing effec t is 
detec ted for this samp le. Howev er,  for elec tric  fields 
ab ov e its multip ac ting lev el,  the elec tron c urrent 
c ollec ted is muc h lower after the first elec tron dose,  
sinc e elec trons remov e the first c ontaminated lay er of 
the samp le. 
T his b ehav iour is ex p lained in [ 1 9 ]  b y  the low elec tron 
affinity  at the surfac e,  whic h is mainly  resp onsib le for 
the high S E Y  from H-terminated diamond samp les. 
D esp ite the fac t that E 0

a-C does not dec rease with the 
ex p osed dose,  F ig. 2 3  shows any way  a reduc tion of the 
S E Y  whic h c an b e seen in terms of the c ollec ted 
c urrent after the first dose:  for a giv en v alue of the 
elec tric  field ( ab ov e the multip ac ting lev el) ,  the 
elec tron c urrent is signific antly  lower after the first 
dose due to the remov ing of the first c ontamination 
lay er. T he latter effec t c an b e ev en p rob ab ly  ev en 
greater b ec ause of the rap id dec rease in the y ield from 
H-terminated diamond due to elec tron imp ingement 
[ 1 9 ] . A ny way  a rigorous p rov e is not p ossib le with this 
set-up ,  sinc e p art of the elec tron c urrent is due to 
multip ac ting in the stainless steel. Howev er,  this 
material is not a good c andidate to dec rease 
multip ac ting due to its low multip ac ting lev el “ as 
rec eiv ed” ,  and due to the weak sc rub b ing effec t 
detec ted. 
2.5.4 . Scrubbing effect for a N on E v aporable 
G etter ( N E G )  coating 
In a getter c oated b eam p ip e one ex p ec ts the elec tron 

c loud b uild-up  to b e strongly  dec reased. In the 
framework of the studies of the elec tron c loud in the 
S P S ,  a N E G  ( T iZ rV )  c oated v ac uum c hamb er has b een 
tested in this set-up ,  as p lanned in [ 2 0 ] . C oating the 
whole inner surfac e of the outer c onduc tor ( inc luding 
the grid)  av oids the effec t of two multip ac ting lev els 
taking p lac e at the same time inside the resonator ( as 
oc c urred for ferrite and a-C  samp les) .  
W hen N E G  is not ac tiv ated ( i.e. heated at 2 0 0 º C  for 2 4  
hours) ,  there is a c lear elec tron c loud b uild up  and a 
c onsistent sc rub b ing effec t. F igure 2 4  shows this effec t 
in the same way  as F ig. 2 1 . Howev er,  when ac tiv ated,  
there is no elec tron signature inside the resonator ( no 
elec tron c urrent,  no c hanges in transmitted and/ or 



reflected waves),  b u t th e p ressu re i n crease i s 
n everth eless n o t n eg li g i b le. T h u s su ch  a p ressu re 
i n crease can  n o t b e ex p lai n ed b y  electro n  m u lti p acti n g ,  
b u t i t m ay  b e du e to  so m e th erm al effect o r o th er R F  
b reak do wn  m ech an i sm .  

 
F i g u re 2 4 . E lectro n  cu rren t versu s am p li tu de o f th e 
electri c fi eld fo r a n o n  acti vated N E G  co ati n g  i n  a 
vacu u m  ch am b er. W i th  th e ex p o sed do se,  th e electro n  
cu rren t decreases an d m u lti p acti n g  level i n creases,  
evi den ci n g  th e scru b b i n g  effect fo r a n o n  acti vated 
N E G .  
F i g u re 2 5  clearly  sh o ws th at tran sm i ssi o n  an d p ressu re 
ri se are n o t co rrelated. I t sh o u ld b e m en ti o n ed th at 
N E G  u su ally  reach es p ressu res aro u n d 1 0 -1 1  m b ar after 
acti vati o n ;  su ch  lo w p ressu res were n o t o b tai n ed wh en  
th e m easu rem en t to o k  p lace ( see F i g . 2 5 ),  p o ssi b ly  
i n di cati n g  a n o n  p ro p er acti vati o n  p ro cess. 

 
F i g u re 2 5 . T ran sm i tted p o wer an d p ressu re i n si de th e 
reso n ato r versu s electri c fi eld am p li tu de fo r an  
acti vated N E G  co ati n g  i n si de th e reso n ato r. A fter 
acti vati o n ,  th e N E G  co ati n g  do es n o t sh o w an y  
m u lti p acti n g  si g n atu res. O n ly  a p ressu re i n crease,  
li k ely  n o t du e to  m u lti p acti n g  si n ce n o  electro n  cu rren t 
an d n o  li m i tati o n  i n  tran sm i ssi o n  si g n al are detected. 

2.6. Conclusions 
T h e co ax i al reso n ato r set-u p  allo ws th e p ro du cti o n  o f 

h i g h  electri c fi elds an d th e g en erati o n  o f th e h i g h  
electro n  do ses n eeded to  p ro p erly  stu dy  th e b eh avi o u r 
o f m ateri als su b m i tted to  m u lti p acti n g  an d th u s i t i s a 
su i tab le test b en ch  fo r electro n  clo u d stu di es. W e h ave 
dem o n strated q u ali tati vely  h o w th e reso n ato r ch an g es 
i ts reso n an t co n di ti o n s wh en  m u lti p acti n g  tak es p lace. 

T h e reso n ato r detu n es wh i le electro n  cu rren t i s 
detected o n  th e p i ck -u p :  tran sm i tted si g n al levels o ff 
an d reflected si g n al i n creases su dden ly . T h e 
ap p earan ce o f th e h y steresi s cy cle i n  th e co llected 
electro n  cu rren t after p ro p er m o du lati o n  o f th e i n p u t 
p o wer,  sh o ws th at th e effect co n ti n u es at electri c fi elds 
lo wer th an  n eeded to  start i t.  
I t i s p o ssi b le to  m easu re th e o n set o f m u lti p acti n g  

an d i ts vari ati o n s wi th  th e ex p o sed do se o f electro n s,  
wh i ch  m ak es i t an  effecti ve to o l to  stu dy  th e scru b b i n g  
effect fo r di fferen t sam p les. N o  scru b b i n g  effect was 
evi den ced i n  ferri te ( at least i n  th e ap p li ed do se ran g e),  
wh i le fo r a-C  th e scru b b i n g  effect can n o t b e i den ti fi ed 
b y  th e m u lti p acti n g  level b u t o n ly  i n  th e co llected 
electro n  cu rren t at h i g h er electri c fi elds. F o r stai n less 
steel,  scru b b i n g  effect h as b een  sh o wn  clearly . A lso  a 
N E G  ( T i Z rV ) co ated vacu u m  ch am b er h as b een  tested 
i n  th i s set-u p . A fter acti vati o n ,  p reli m i n ary  resu lts do  
n o t sh o w an y  evi den ce o f electro n  m u lti p acti n g  ( n o  
electro n  cu rren t,  n o  ch an g es i n  tran sm i tted an d/ o r 
reflected si g n al are detected) b u t o n ly  a p ressu re ri se. 
T h e reaso n  can  b e fo u n d i n  a th erm al effect o r o th er 
fo rm  o f R F  b reak do wn  du e to  th e h i g h  p o wer 
i n tro du ced i n  th e set-u p ,  b u t fu rth er stu di es are n eeded 
to  ex p lai n  th i s effect. 
I n  th e fram ewo rk  o f th e electro n  clo u d p ro g ram  

carri ed o u t at C E R N ,  a co m p u ter co de i s g o i n g  to  b e 
develo p ed to  si m u late m u lti p acti n g  i n  th i s set-u p . 
C h eck i n g  si m u lati o n  resu lts wi th  m easu rem en ts i n  th e 
lab o rato ry  wi ll b e a u sefu l to o l to  u n derstan d th i s 
p h en o m en o n . F u rth er su rface treatm en ts ( T i N  an d 
A rG D ) are g o i n g  to  b e tested as co ati n g s ag ai n st 
m u lti p acti n g  i n  th i s set-u p ,  wh i ch  i s b eco m i n g  a u sefu l 
test b en ch  fo r electro n  clo u d stu di es. 
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