
rf't:
8'/ \.-3
illl .'-';3
B;*sfl

Fens'rnilab

On the

Energy

Longi  tud inal -  Coupl ing
of  the

Doub le r  Beam Pos i t i o r i

Rober t  E .  Sha fe r
J u l y  1 5 ,  1 9 8 0

Fern i lab  UPC 133

Impedance

Detec tors

(  t )

t he  e lec t rode  to  a

The  Purpose  o f  t h i s  No te  i s  t o  ca l cu la te  the  l ong i tud ina l
impedance  o f  t he  Energy  Doubre r  beam pos i t i on  p igkups .  A l though
t h i s  s u b j e c t  h a s  b e e n  d i s c u s s e d  p r e v i o u s l y  ( r e f s  L 1 2 \ ,  t h e
de ta i l ed  s t ruc tu re  o f  t he  f reguency  dependence  has  no t  been
adeguate ly  rev iet , ,ed.  This  Note wi l l  shory that  the p ickups look
induc t i ve  on l y  be low  abou t  400  MHz .  A t  h ighe r  f requenc ies ,  t he
imaginary component  of  the longi tud inal  impeclancJ osc i l ia tes
be tween  capac i t i ve  and  i nduc t i ve .

The approach used in  th is  ca lcu lat ion is  somewhat  uncr thoc lox.
F i r s t ,  t , he  s igna l  response  fo r  a  t yp i ca l  s t r i p l i ne  de tec to r  i s
d i scussed .  As  the  s igna l  ou tpu t  o f  a  p i ckup  can  p roduce  a  vo l tage
ac ross  a  te rm ina t i ng  res i s to r  and  hence  rep resen ts  rea l  poh 'e r
d i ss ipa t i o r : ,  t h i s  power  mus t  be  exp ressabre  i n  t e rms  o f  a  rea l
componen t  o f  t he  l ong i l ud ina l  impedance .  Due  to  the  ana ly t i c
naLure  o f  impedances ,  t he  imag ina ry  eomponen t  can  then  be
exp ressed  i n  te rns  o i  a  d i spe rs ion  re la t i on  i nvo l v ing  the  rea l
componen t .  The  resu l t s  t hus  ob ta ined  w i l l  t hen  be  compared  to  the
r e s u l t s  o f  r e f s  I  a n d  2 .

r n  F i g u r e  1 ,  a  t y p i c a r  s t r i p l i n e  p i c k u p  e l e c t r o d e  w i t h
cha rac te r i s t i c  i r npedance  Zo  ,  l eng th  3 -  r  dnd  az imu tha l
ha l f -ang Ie  Q"  i s  shown .  The  cha ra i te r i s t i c  impedance  i s
de te rm ined  by  the  i nduc tance  and  the  capac i tance  pe r  un i t  l eng th ,
as  i s  t he  p ropaga t ion  ve loc i t y .  we  w i l l  assume s igna ls  and  the
beam bo th  p ropaga te  a t  t he  ve loc i t y  o f  l i gh t .

cons ide r  a  beam cu r ren t  o f  ampr l i t ude  I ( ! )  c i r cu ra t i ng  i n  t he
accel -erator .  r f  r . , :  h  lp<rz zTtv l - fo  where E is  the beam ievorut ion
f  requency ,  t hen  l f t )  may  be  expanded  in  te rms  o f  ha r rnon ics
Of tlo 3

t rno sin nw;tt ({l = 2 tu(t) =
h

I r I e  f i r s t  wan t  t o  cons ide r  t he  response  o f
s  ing Ie  harnronic  coni )onent  n . We  w i l l  assune  tha t  t he
charac te r i s t . i c  impe< lance  o f  t he  e lec t rode  i s  t he  same as  the
t e r m i n a t i o n s  ( o r  b h e  c o a x i a l  t r a n s n r i s s i o n  I i n e s  i n  t h e  a c t u a l
case )  .  Bo th  the  ups t ream po rL  and  the  dov rns t rea rn  po r t  a re  thus
t r : r t n i n a t e d .  T h e  b e a m  c u r r e n t  i n c l u c e s  i n a q e  c u i r e n t s  o f  e q u a l
m a g n i t u d e  a n d  o p p o s i t e  s i g n  i n  t h e  v r a l l s  o f  t h e  b e a m  p i p e .  F o r  a
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b e a r n  c e n t e r e d  i n  a  c i r c u l a r  p i p e ,  t h e  a z i m u t h a l  d i s t r i b u t i o n  i s
u n i f o r m .  r f  t h e  p i c k l p  e l e c t r o d e -  h a s  a n  a z i m u r h a l  h a l f  ; ; ; i ; -  d ^ -
then a  f rac t ion  (9 . " /n )  o f  the  wa l l  image cur ren ts  upp.u i  on  - t i "
i n s i d e  s u r f a c e  o f  t h e  e l e c t r o d e .  A s  t i e r e  i s  n o  

- i e t  
c h a r g e

induced on the electrode, vrhen the beam approaches the upstreim
end o f  the  e lec t rode,  cur ren ts  a re  a lso  induced on  the  ou ts ide  o f
the  e lec t rode and in  the  te rmina t ion .  As  the  impedances  o f  the
erec t rode and the  te rmina t ion  are  equar  so  are  the  cur ren ts .
Hence the  cur ren t  th rough the  te rmina t ion  is :

(z)
When the  beam ar r ives  a t  the  downst ream end,  aaa i t iona t  cur ren ts
are  induced,  bu t  o f  oppos i te  po la r i t y .  The cur ren t  induced across
the  downst ream te rn ina t ion  w i r r  be  exac t ry  cancer led  by  the
cur ren t  induced on  the  ou ts ide  sur face  o f  the  e lec t rode l t  the
ups t ream end,  as  i t  reaches  the  downst ream te rmina t ion  a t  the  same
t ime as the s ignal  induced at  the dovrnstream end. The signal
induced on  the  ou ts ide  sur face  o f  the  e lec t rode,  however ,  t rave ls
backwards  a long the  e lec t rode and in to  the  ups t ream te rmina t ion ,
bu t  i s  re ta rded in  t i rne  as  we l l  as  be ing  o f  op ios i te  po la r i t y r  so
cancer la t ion  cannot  occur .  r f  the  

-e lec t i i car  
tength  ; i  the

erectrode is ' t , " .  
-2/? where c is the veroci iy of  I ight ,

then the  re ta rda t ion  is  2 to  .  The to ta l  cur ren t  induced in - the
ups t ream te rmina t ion  fo r  the  h$  harmon ic  i s  then ( re f  3 ) :

ir,.,r(t)= *H[r"{tr 
- TnT-zt"1l

+ (#)r,,(t)

(3)

The vol tage induced on the terminator  is  then:

V*l = Tof.rtf) = sta(hwi{^} cos hu)oct-t \ u)
and the average power dissipat ion is then:

1? > = z" < rnlio,t> = ?. (*J"s *.1( hwI.) < r: Gr>
This power must be expressable in terms of  a real  component of  the
long i tud ina l  impedance.  r f  the  long i tud ina l  impedance fo r  M such
electrodes is of  the forrn:

(*J Tlno staThuttu\c<.,S h u"(t-t.\

?,- t-; = ?e ?.(*) + J ,^ 2c(w)

( ?n) -- Qe 2" ( tttt t>

u"(*:)=""

, " (* f ' ' t * (hwo

(s)

(6)

then

=  w t 1 f , 2 =  f , 4 t") < r,:(il> (z)
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which vr t ren d iv ided by the harmonic  number y ie lds:

(*)^= ry H"f r i^r{nr,fu) * i sit^(h woto\ cos(t+r,,,o{o!
! /s ing R as the machine radius,  the lovr f requencl i  l imi t  for
imag inary  component  i s :

: .r. l7*l = + -t l"W &i'
7 * * \ r .  I  - €  - F .  \ - n t
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hence

?e ?"(n*o) ' & ?o (*)";*< hu'fu)

The rea l  and imag inary  components  o f  ? . ( * l  must  sa t is fy  d ispers ion
rera t ions  due to  the  causa l  na ture  o f  inpedances  ( r -e t  4 )  .
S p e c i f i c a l l y  . a

Zn Zr(nwo) = Y t" 
du,t (q)

, .  6 0 a ,

= znyotq!, &f { '  .stt .(2. ' t"1,--d,w( (,o).n \..1 / Jo p,.,l, _ (tl.o).

T h i s  d e f i n i t e  i n t e g r a l  c a n  b e  e v a r u a t e d  ( r e f  5 ) ,  r e s u r t i n g  i n  a
longi t ,udinal  impeCance :

LrQnwo) = M Toef fsi*Cnwofo) * / t ia(tt,.l"; co5 (n*,L! 1,,1

u s i n g  v a l u e s  o f  f 6 .  S o . n -  ,  4 = , t 8 y n  , ( 6 i l = . 5  .  I  T 2 = l o o o u q  ,  a n d
M:  t l3z '  the  rea l  and imag inary  components  o f  (? .h \  a re  p lo t ted
aga ins t  .  t ,  in  F igure  

- .2 .  
r t  i s  seen tha t  fo r  very  row

f requenc ies  the  imag inar :y  component  approaches the  Dc varue
* j . 3 S - r u ,  b u t  b e c o m e s  c a p a c i t i v e  a t  a b o u t  A 2 O  M H z .

u s i n g  c e r t a i n  a s s u m p t i o n s ,  e q n  ( 1 )  a n d  ( 2 ' t  o f  r e f  2  m a y  b e  w r i t t e n
a s :

(?J = {3' (g)]sin"( 11u,,,t.)* J oi^(^ -"L) cos(nw,L)f (t4)
\ , ^ / r .  h  \ ? /  L  d  '  \

demons t ra t i ng  the  same f requency  dependence  as  eqn  ( l L )  above ,  bu t
v r i t h  t he  wrong  coe f f i c i en t .  The  l ow  f requency  vJ tue  g i ven  i n  re f
I '  h o w e v e r ,  i s  i n  a g r e e m e n t  $ r i t h  t h e  a b o v e  d e i i v a t i o n l  p r o v i d e d  i t
i s  recoqn ized  tha t  each  beam pos i t i on  de tec to r  has  two  e lec t rodes .
f t  shou ld  be  no ted ,  howe .ve r ,  t ha t  t he  fo rmu las  i n  re f s  I  and  2  a re
based  on  the  de r i va t i on  i n  re f  6  |  l vh i ch  assumes  on l y  one
t e r m i n a t i o n  p e r  e l e c t r o d e ,  r a t h e r  b h a n  t w o .  A s  t h e r e  i s  n o
v o l t a g e  i n d u c e d  o n  t h e  d o w n s t r e a m  t e r m i n a t i o n  o f  a  s t r i p l i n e
p i c k u p ,  h o l e v e r ,  p e r h a p s  t h e  d i f f e r e n c e  i s  a e a d e m i c .

r t  p e r h a p s  i s  w o r t h w h i t . e  p o i n t i n g  o u t  a t  t h i s  t i m e  t h a t  a s  t h e

(8)

(t z)

t h e

(r  g)
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b e a m  i s  d i s p l a c e d  f r o m  t h e  c e n t e r ,  t h e  a z i m u t h a l  d i s t r i b u t i o n  o f
i nduced  wa l l  cu r ren ts  becomes  non -un i fo rm.  rn  the  case  o f
res i s t i ve  wa I I  power  l osses  th i s  rad ia l  d i sp lacemen t  dependence
was  shown  to  i nc rease  the  power  ross  by  a  fac to r  ( re f  7 l  z

(rs)
a n d  h  i s  t h e

long i  tudinal

f  ,? -  -  -  |  1
L l- (t'"/"f 

' J
where  a-  i s  the  beam p ipe  (o r  p ickup)  rad ius ,
d isp lacement  f rom the  center .  Very  l i ke ly  the
impedance in  eqn (  tL )  shou ld  sca le  s imi la r ly .

Ref  1 .  A .  c .  Rugger io ,  UPC 72 ( I /e /791
Ref  2 .  A .  c .  Rugger io ,  UpC 92 ( l /79) .  We have rep laced + i
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Ref  5 .

R e f  6 .

R e f  7 .

Re f  3 .  F .  ! , 1 i l l s ,  I n te rna l  memo (4 / IS /78 )
Re f  4 .  I I .  w .  Bode ,  "Ne twork  Ana lys i s  and  Feedback  Amp l i f i e r  Des ign r , ,

(Van  Nors t rand ,  1945) ,  See  espec ia l l y  chap te r  14  and  the  tab l
o n  p a g e  3 3 5 .
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