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l. Introductlon

The purpose of thls papen ls to revlen ao&e of
the propertles of dlrectlonal coupler (strlpllne)
bean 'po91t1on 

montlors. These devlces are used
extenalvely as non-tnterceptlng beao posltlon
oonltor8 (BPH!s) around accelerators], and offer
certaln advantages over the Eore conventlonal
electrostat le (spl l t  plate) type plckups. The
general approach Hlll be froo the englneerlng rather
than fhe physlcs potnt of vleH. Although startlng
froo l{axuellrs equatlons rrould be oore preclse, lt l;
also Dore pedantlc, and obscures aoDe of the more
loportant englneerlng features. Due to Lack of
space, detalLed derlyattons are not lncluded, but
references are glven shere relevant.

The dlscusslon here erlll be linlted to
cyl.lndrlcal. geoaetry couplers, prLnarlly because the
expreaslons are usually Elnpler than rect:rngular
ge6netry couplerrr. In many cases, rectangular
geooetry uould be prefemed over cyllndrlcal, but the
baslc englneerlng features renaln the saoe.

The text ls dlvtded lnto the fol lor lng secttons:

2. Baslc operatlon ln the tlre dooaln
3: Baslc operatlon ln the frequency dooaln
4. Response to dloplaced beaE
5a Response to RF Eodulated bean
6.  Dt rec t ly t ty
7. Hlgh frequency llolts
8. l{ethods of llgnal processlnS
9. Ult loate poslt lon resolut lon LlDtts
10. Longltudlnal coupltng lnpedance
ll .  Transverse coupllng lnpedance
12. Cooparlson to electrostat lc plckups

2. Baslc Operatlon i{r the Tlne Dooaln

Conslder a palr of strlpllne plckups exposed to
a ghort bean buneh as ahorrn ln Flgure l. Each
8trlpllne oay be consldered as a sectlon of
transDl.sslon ltne ulth a characterlatlc lnpedance
Zc - fTiT *reee L and c are the inauot"no" and
eapacliance per unlt length. Any stgnal betHeeh the
strlpllne and Bround plane nlll lropagate at a
veloclty. 8"c-t /{l].T-c/G. yhere c ls 

-tire 
speeo or

Ilght and y-and e are the effectlve perneabtllty and
pernlt t lvl ty. At each end the strtpl lne ls attached
vla a por! to a transrdlsslon 1lne of the sane
characterlatlc lDpedance. Hence any slgnal lnduced
on the strlpl.tne ln elther dlrectlon sfl.i propagare
through the ports and onto the transolsston Ilneg
t{ l thout ref lect lon. Stgnals travel lng ln one
dlrectlon are lndependent of and do nJt lnterfere
rr l th slgnals travel lng ln the other. The
t'ransotsston llnes shoul.d be ternfnated wlth (or
replaced by) reslst lve ternlnatlons of the proper
characterlst lc lopedance to mlnlnlze ref lect lons. l{eare_not conslderlng.here the posstbt l l ty that l f  noretl1l one st,rtpl lne ls present birere nl l l  beaddtttonal coupllng between t iren.

roperated by the Unlverslt les Research Assoclat lon
under contract wlth lhe Untted Sbates Departnent ofEnergy.

Vp(-) =
NCTICE:  Th is  Mster ro l

moy be profec'ted by cc;-,yrighf
lovr.  (Ti t ie 17 US. Ccxle)

l{hen a bean bunch of ttne dlstrtbutlon I(t) and
Ill?:tty lbc travels along rhe axls of the beao plp€,
1t ls- accodpanled by hage cuments on the nglls of
the bean ptpe. For a centered beao, the azlouthal
dlstrlbutton ts unlfor.a. Furtheroore, the
longltudlnal dlstrtbutlon for relat lvlst lc beaos lg
the sane aa and colncldent slth the b€ao bunch ltself(see Sectlon 'l). $ each strlpllne suutenG an
azlnuthal angle 0o, than a fractton Oo/Zt of the
total lnage current rlll f!.oY on lts tnner surface.
As the strlpllne ls not gronded, horrever, the net
lnduced charge on it ls zero. As the lnage curents
pass the upstreao gap betueeri the strlpllne anA the
q9ynd plane, they flog across a gap of lopedance
Zo/2. "eppesentlng the parallel tnpeiance of the
strlpllne and the transBlsslon llne at the upatrea[p9"t. Equal . aoplltude stgnals travel dorrnstrear
along the outslde of the strlp1lne and out the
upstreao port. Ttre slgnal tn the transmlsston llne
travels at a veloclty dCterolned by lts perneablltty
8nd p€rnlttlvlty. Thls slgnal has the aaBe tl;
dlstrlbutlon as the bear brmch and half the charge of
the loage eurrent on the lnslde surface of the
electrode. The bea! bunch, when tt passes the
downstrean gap, induces shl.lar slgnals, virlch agaln
are equal aoplltude slgnals, but of opposlte polarlty
to the slgnals lnduced at the upstreio port. Tlrey
propagate out the dor.nstrear port. and upstreaB elong
the outer surface of the strlpllne. ff tne strlpllni
has a length I then the voltage seen at the upstrean
port ts

t l
t i
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vcn= -.(*)ltat- r(t-
and at the dosnstreao port ls

.(&) =

f5@)= Iso(n) sj, -l

. The net slgnal aeen at each port ls a blpolar
doublet rlth each lobe harlng essentlally the sao€
tloe dlstrlbutlon as the b€ar bunch ltsel-f. ilote lnpartlcular that there ls corplete cancellatlon at the
doHnstreao port lf the b€a! veloclty and the slgnal
veloclty are the saoe. For thts reason, the upstreaE
port ls the slgnal port. ft 1s posslble to defeat
t!1s dlrect lvi ty Hlthout affect lng other propert leg
of the str lpl lne plckups (see Sectlon 6).

3. Baslc op€ratlon ln the Frequency Donaln

The trean current ls soEetlnes nore eas1ly
expressed ln the frequency d@aln. In addlt lon, soo€
slgnal processlng calculatlons are aLso more easlly
evaluated ln the frequency donaln. Suppose the beao
has a component

-pl  2-1-9_

&

+&)Vu- f")- r(t- f")l 2 . 2

3 . 1

nhere the. beao phase ls Eeasured at the Bldpolnt otEne el.eetrode. The frequency rr, may be a hainonlc of
the bunchlng pcceleratlon) frequency, or a harnonlc of
the revolut lon frequency, t f  the bean ls accelerated
ln a clrcular accelerator. t tre slgnal seen at the
upstream porg ls then

V(,-1= 1/11-1 sm("1+ !. - uT)

?"(#)';"LYq,r t)lrso*,l 
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uhere a/2 represents a 9Oo phase shi f t  due in essence
to  t he  d l f f e ren t i a l l on  o f  t he  s i gna l  by  bhe  t no
plckup gaps,  and r  represenls the gnoup <telay
oeasured f rom the reference plane at  the nldpolnt  o i
the str lp l lne.  When both Lhe beam and s lgnal
velocl ty  are near ly the speed of  l tght ,  the ouLput
power per e lectrode for  a centered bean is

- r  r ' , -  ? N  l - + -  1rb$r:/fr;: erp L";.J
l {e nay transform thls lnto a Fourler serles
harmonlcs of the RF frequency:

q l

of

vn= # (#)'i^(yl,vL#*l 5.{

?a'l= i

Jr" -# 
I. fr" ,,7=,t^(?fros ne.su,^ftn',Srl] r.:

ry= 2 64,f ',"'(t\ti.r*t 3.3
Note that the powen output peaks for str lpl lne

IenSths correspondlng to t=l/4. This corresponds to
the two lobes of the blpolar doublet belng a haLf
lravelengbh apart.  For thls reason thls type plckup
Ls somet, lmes referred bo as a quarter vave 1oop.

t{.  Response to Dlsplaced Bean

If the bearn ls dlsplaced fron the axls of the
bea& plpe, the azlmuthal lnage current dlstr lbutlon
on the walls of the beam plpe ls (see Flgure 2):

- .  i  - $ r l ^ r t  
' l

L(?",6",(\ = ;# L, 
* ̂  

h,er\cos 
a(/ -e.1J u.,

I f  the tHo str lpl lnea each subtend an angle Oo as
shown ln Flgure 2, then the lnduced lmage currents on
the two str lpl lnes are

- 4

r^= -#Lt r #.7,* (tf^' ne.ir^(w)] u.z
and

Slgnal processlng can elther measure the
dlfference over the sun: 7-rfocoseoj 

f=bosiaeo

** = o#@z- oq),oe,) {.q
or the anpll tude rat lo (actuaLly the rat lo expressed
l n  d b ) :

," 4.Q)= ffi W i, o(tb.1. ft|) t.s
Eoth eethods haye advantages and dlsadvantages (see
Section 8). From the above expresslons sooe
nonLlnearlty nould be expected at large
displacements. The nonllnear response vs
dlspLacement ls not large, houever, and ""n usuatfy
be corrected ln software.

. .  1 "  an  exanp le  eqn 4 .5  y le lds  O.g5 db  per  om fo r
the  Tevat ron  s t r lp l lnes  (00-1  1  go ,  b=35 rnn) .  The
actuaL measured response ls about O.7 db/nn over
about 701 of the aperture. The devlat lon of the
neasured response from the calculated value 1s
belleved to be due to the lnterelectroOe capactbancb
and the devlat lon of lhe actual electrode geomeDry
from the node1.

5. RF Modulated Beam

Suppose the beam ts bunched lnto Gausslan
bunches of rms widlh o sec and bunch spaclng (perlocl)
o f  " I -2 t /uo .  

Then t f  there  are  N par t l c les  per  bunch,
che cur re i l  ln  the  t lme domain  is :

7 ^ ( t ) =  e N u +
- 4 a

d

r  LJ^  cos(h@; t )
f i tzt

5 . 2

Vr -0 .51  I  vo l ts
P r '2. 6nH

-+lt dbm

vhere the Fourler coeff lclents are:

r.,= +r4 erp f- 
r* ei_{'l , ht >, 1 5.3- n  - . L  2  ) )

Then the peak voltage output of a slngle sErtpl lne
lnto a 0atched termlnatton ls:

A speclf lc example ls the strtpl lne ptckup used lnthe  TevaLron! :

Z^-50 ohrns
N : l 0 r o
r r r^ -3 .33x10 ' /sec  o- l  nsec
O i - t  t o "  n - l

l - l  9  cm
c-3x10roCn. /sec

- Flgure 3 ls a plob of the voltage oucput as afunctlon of bunch vldth for several haroonlcs of the
RF frequency. As the fundaDentat (D-t ) harnonlc ls
the Least sensltlve to the bunch shape, the
electronles ls deslgned to operate at thls frequency.
It  ghould b€ no0ed that the str lpl lne ls nuch shorter
than quarter nave at thts frequency. The electronlca
could operate down to about -ll0 dbo Hhlch corresponds
to about 10. partlcles per bunch, after allor{lng for
cable altenuatlon etc.

6 .  D l rec t tv l t y

Dlrectlvl ty ls the rat lo of slgnal. poHer ac th€
upstreao and donnstrean ports ln response to a beam
current. Dlrect lonal couplers used for detectton of
beans can typlcally achleve anyvhere froo 20 to 35 db
of- dlrect lvl ty dependlng on nany factors.
Halntalnlng the hlgh degree of Olrectlvl ty tneseplckups are capable of requlres that:

. . Al the vel.ocity of the beao and the slgnal be
oatched fa t r ty  veL l  (see  eqn.2 .2) .  For  h igh ly
relat lvlst lc beams thls requlres a nlnlnun aoount of
d le lec t r l c  oa ter la l  ln  the  v lc ln l ty  o f  the  s t r lp l lne .

B) a natchlng of the str lpl lne lmpedance to the
transolsston l lne or Lermlnatlon lnpldance at both
ends. An lmpedance mlsmabch of 101 r l l l  ref lect
0.257 of the power to the vrong port. Thls would
l1ml t  the  d l rec t l v l t y  to  26  db .

C) nlnlmlzatlon of the coupllng Uetween the
str lpl lnes. I f  the lnterelectrode capactcance per
unlt Length ls too hlgh, then one str lpl lne can
lnduce signals 1n the other.

The dlrect lonal coupler str ipl lnes ln lhe
Tevatron achleve about 24 db dlre;t lvtty at 53 t4Hz
for a cenlered beam. Thls corr 'esponds t;  a 250;1
forHard to reverse power rat lo.

I t  l s  poss lb le  to  de fea t  the  d l rec t l v l t y  w l thou!
otherwlse destroylng the slgnal response of the
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s t r i p l i nes .  hhen  one  end  i s  e i t he r  sho r t ed  t , o  g round
or lef t  unt ,ermlnat ,ed,  a l l  the s ignal  power tnctdent
on  t h l s  end  l s  r e f l ec ted  t o  t he  t e rn l na teo  po r t .  I n
bhe  case  o f  t he  un te ro l na ted  end , . t he  s tgna l  l nduced
by the bean ls twlce the ampl l lude and the opposlLe
polar lby of  the ref l .ected s lgnal  whlch 1s not
lnverted.  When the end is  shorted,  the beam lnduces
no s lgnal  but  the ref lecLed s ignal  ls  inverted.  The
polar lby of  the blpolar  doublet  depends on whether
the s lgnal  port  is  at  the upstream or downstream end
o f  Lhe  s t r l p l l ne .

7 .  H lgh  F requency  L lm l t s

Fo r  a  h l gh l y  r eLa t l v l s t i c  bean ,  t he  wa lL  cu r ren t
longl tudlnal  d lst r lbut lon,  and t ,herefore the current
f loHlng across the gaps at  the ends of  the
str lp l ln€s,  ls  Lhe salDe as the charge densl ty
dlst r lbut lon of  the beam. However,  for  less
relat lv ls t lc  beaos the vaLl  cunrent  ls  spread out
LonSlbudlnal ly ,  and the peak wal l  current  ts  less
than the bearn.  This ls  best  undersEood by
conslder lng a polnt  charge at  rest  on the axls of  a
beam plpe of  radlus b.  The wal l  charge ls  spread
over about r0.3U longi tudlnal ly .  l then a
transforoal lon ls  oade to a movlng f rane along the
beao plpe axls,  the wal l  charge ls  iontract ,eo to a
l eng th  *0 .3b l y .  I n  t he  re l a t l v l s l t l e  I l n l r  t he  Ha l l
current  ls  colncldent  u l th the beam current .  The net
result ls thaL for the current conponent at frequency
o the wal l  current  ls  re lated to t i re bean current  bv2

. \ Iu@l
r6e.(@) = 

;-Z;rl+o \!'rt.t
Hhere b ls the beao plpe radlus, y the
contractlon, c ls the speed of l ight,
oodlfle<t B€ssel- functlon of orOer- O.
functton has value I for argunent 0,
nonotonlcal ly for lncreaslng ."gur"ni.
polnL occurs Hhen

6 =  I ' 2 F Y c

b  7 . 2

In addlt l .on there ls the gap factor due to thetranslt tlne of the curent across the gap of lenglh
q. Hence slgnals fnoo str lpl lne pi" iup" shouldlnclude the addit lonal factor for a centered bean:
. 

H@\_- si"Pe/zf) t
L * X / a p c l  r  f  u b  \  2 . 3

when the Bessel ,*"rro"")"€l-lj rs imporranr, rheclrcular funct, lons tn eqn 1.2 should Ue iepfaceO wftnBessel. functlons (see Cuperus eqn 15). Anitn"" hlghfrequency l lol t  observed ln electrode tests onmlcroHave plckups ls an apparent bandstop Hhen thepenlmeter of the pickup electrode ls a ful lwavelength. Thls effect ls not understood.

Also not lncluded (or ful ly understood) ls whabhappens when the nlcrosave cutoff frequency of thebeaE plpe ls reached. The lowesL order TE and TMnodes occur at:

I 935

B.  Methods  o f  S igna l  p rocess lng

The Lwo general meLhods of signal processing are toneasure the dlf ference over aun, or to Eeasure theampl i tude ra t lo .  The l r  sens l t i v l t les  to  beamdlsp lacement  a re  g lven in  Sec t lon  l t .

The dif ference over -cun melhod 1s normally done bysepara te ly  d lg l t l z lng  Lhe Lwo e lec t rode s lgna ls ,  andthen dlgltal ly calculat lng the dtfference over surnratlo. The slgnal capture can be done ln the t lmedomaln for slng1e blpolar doublets Uy gating andholdlng peak voltages, or tn the ln the frequencydomaln for bunched beams by uslng a Uanipass r lLterto select a slngle frequency component formeasurement. The dlf fenence over sun rethod lsslmple to lmplement, but has a l lmfieo aopll tudedynaotc range due to the ADC S"";r i""rtV. Fonexampl€, to measure poslt lon to i t  of the apertureover  a  100: l  dynamlc  range requ l res  a t  leas t  12  b l ts .

The arnpl l lude rat lo measurement can be done dlgltal lya f te r  d lgMz lng  the . lnd lv ldua l  s tgnats ,  o r  Uy  us lngampll tude to phase.(Al.t /pM) converJion, and detectlnSthe phase dlf ference. '  
The dlgttal.  method vouldrequlre subsequent calculat lon of th; ob ratto toobtaln poslt lon lnformatlon, but the AU/PH ethodproduces a slgnal proportlonal to the arctangent ofthe rat lo mlnus r/ l t ,  and ylelds an analog slgnalproport lonal to dlsplacement and lndependent of beamlntenslty. Thls latter feature attous'operatlon over

3. y:"y large amptltude dynaalc range vtthout thel lmitat lon of ADC gnanulari . ty. In i t"  Tevatron,Al/ ly converslon provldes a r isolutton of about O.3tof the aperLure wlth a l0O:l Oynamtc 
-range 

ln 2OOnsec.

One l lnl tat lon tn the AHlpM oebhod ls that l t  Du:tt  be
9on9 ln the frequency dooaln. For bunched bea.s, abandpass f i l ter ls used to. select, " "tngi" freguencycomponent. For slngle beam bunches, the blpolardoublet lmpulse causes the bandpass f l l ier to r lng atthe _ center frequency for a few cyclea, dep€ndlng onbandv,ldth. Thls rtnglng aLlows "uf i foi"nt t l re toperforn the Ati/pM converslon. The analog posltlon
slgnal r lset lme ls not Llmlted by the wfOtn of thebandpass f l lber, and can be as fast ." S to tO nfcycles. However, bhe bandpass f l l ters must be yery
uel l  natched ln both attenuatlon and centerfrequency. In the Tevat,ron sysbem for exaEple, the 5MHz bandpass f i l ters had to be nabched ln autenuatlon
to about, 0.2 db and ln center frequency to about0 .1 t .  Houever ,  add i t iona l  f f f te r fng  may o"  oor r "  onthe analog poslt lon slgnal. In one I"a", lot pass
fl l ters nere used on the poslt lon sfgnaf to obtalnapproxlmately 3 ot icron resolut lon. Thi; Ha.s neededto locate the source of a 25 mlcron r lpple on thebean whlch was 1001 mo<lulat lng the slow extract, lon.

9 .  Pos l t ion  Reso lu t lon  L tml ts

There are two I imlts to bhe poslt lon resolut lon,
dependlng on Hhether one ls reftrr lng bo aDsolute orrelat lve beam poslLton. lbsolute 

"Ueim 
poslt lon

neasurenent requlres a hlgh precislon of al ignoentand complete understandlng 
- 
and "o""""t ion ofaL tenuat lon  unba lances ,  c l rcu i t  o f fse ts  and dr l f t s ,

Sa in  yar ia t lons  e t ,c .

Perhaps more important is the abi l i ty to ne€rsuresmall  transverse motlons of the beam. Transversemotlon can be caused by magnet power supply r lpple,coo lponent  v lbnat lon ,  coherent  lns tab i l i t les  e tc .  Theu l l lmate  pos l t lon  reso lu t lon  o f  a  pa l r  o f  "a" tp t ln " "o f  angu lar  w ldLh O^ and aper tu re  2b  is

u;"= !3{9 jr,,) a^l -"rtta(tu",)

7 . 1

re la t  I  v is t tc
and I^ ls the

The- Bessel
and lncreases

The 3 db

7 . 5

:l comparlng these thresholds to eqn 7.2, tt is seenthat  ar  abour Br- r .5,  beam " ;upi i ; ;  ro  rheenvlronment ext ,ends beyond the 0l i " "o i . " "  cutof ff r equenc les .
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8 =  t  q '  5 /
b u'fz stq(6/i V

Hhere V ls the rms slgnal voltage and 6v
vol tage.  Thls appl les to boLh the
dl f ference and the ampl l tude rat lo
bechn lques .

9 '  1

ls the nolse
sun over

Eeasurement

Assumlng elecLromagnetlc nolse plckup can be
ellmlnated, 6V then ls I lmlled by thennal and
anpli f ler nolse. Thermal noise at rooo tempenature
ls  about  - l l l l  dbm/MHz (1 .e .  about  l {x l0 ' r2  n i l l lwa t ts
per lftlz bandHtdth. Thls should be lncreased about 3
db for anpl l f ler notse. Hence ln the Tevatron aystem
Hlth a 5 Mttz bandwtdth, the nolse f loor ls probably
about -100 dbm. As the slgnal- power ls about 0 dbo
(eee Sectlon 5), one should expect ult lmate
resolut lon of about 0.2 mlcrons for a 70 no aperture.
About 30 Elcrons has been observed 1n repeated
neasureoents on the sane segnent of beam on a
turn-by-turn basis, buL thls nay lnclude actual
coherenb betatron notlon as welI.  Sub-nlcron
resolutlon rrould be requlred for exanple ln a
feedback system to be used durlng colf lder operatlon
ln order not to cause emlttance groHth.

In referr lng to Sectton 3, 1t should be noted that
the sl8nal power acales l lnearly Hlth the
characterlst lc lDpedance (or shunt lmpedance) of the
pickup, rrhl le the nolse power does not. Hence a hlSh
lmpedance poslt lon plckup vl l l  provlde better
resolut lon. AIso optlnlzlng other features such as
length, aperture and rldth of the electrodes would b€
useful.  Speclf lcaUy, uslng the results of Sectlon 5
for a bunched b€am:

5-3 = "'
T-N,,1]affirt"(y-zJf e'2

nhere kTB ls the thermal. nolse power ln bandwidth B.
No allowance ls lncluded for ampllfler nolse or
circult  losses.

10. Longltudlnal Couplln8 Impedance

The longltudlnal lmpedance ln an accelerator ls the
longltudlnal voltaSe per turn seen by a part lcle,
divlded by the bean. current:

The factor  G(x,y)  represents the addi t lonal  power
absorbed by lhe str lp l lnes as bhe bean ls moved
off -axls.  Hlgher order terBs are not  shown. Note
that  as the beam ls d l .splaced vert lcal ly  the coupl lng
decreases. l{e oay cooplete the lmp€dance functlon
uslng the Kramers Kronlg re lat lons' :

The longl tudlnal  coupl lng
conponent d lv lded by n
nunber:

lopedance ls the reactlve
. the revolut lon harmonlc

?., (- ) = e e Le f e u,pli* t ( ) + j si{c-,e ) cn :(z-! 
| r o . s

+ = +(P,l,r(?n)^("/) -*?Lel 4p "h* ,o.u

1 0 . ?

For the Tevatron, P-216, Z^-5O ohns, 0^-110 degrees,
l , -19  cm,  and R. l000 E,  y le ld lng

L = o.1{ ohns
h

As the frequency lncr;eases, the coupllnS altennates
bebween lnductlve and capaclt ive. For thls reason, a
Eore accurate value of the coupllng ls obtalned by
velghtlng the coupllng lnpedance ulth the power
denstty specbrue of the bunched bean. Not lncluded
here are the hlgh frequency effects dlscussed ln
Sectlon 7.

11. Transverse Coupltng Iopedance

The. transverse lEp€dance ls the lateral
electromaSnettc f leld seen by the part lcle,
tntegrated around the r!.ng (hence a voltage), and
dlvlded by the beao current (hence.an lmpectance), md
dlvtded by the lateral dlsplaceoent. By conventlon,

i

t

i

t

{
T.

771iQ-

7,,0-\ = =+ | rr@) d+
tA--) Ja

the loportant part of the transverse lmpedance ls
that part vhlch ls ln phase vlth the dlsplaceEent, as
lt can cause a shlft ln the betatron glcleband
frequencles.

Fol loHln8 the prescrtpt lon of Sacherer, s the
transverse lmpedance for a hortzontal palr of
str lpLlnes ls at loH frequencles:

l t  l s  a lso  d lY lded by  -J8 :

. PfiE
7.(-l = 

ffi^ )o t,t") *(',,r*Bt-tf*dt

t #LG)'," a] *' .,h^,/n

1 1 . 1

1 0 .  I

,^= +[(fi"1' * {91 r (fi.);*v] #
and

oh^s/t,'  
1 1 . 2As Er(,,r) ls not necessarl ly ln phase Hlth I5(r, ,) '

Zr,(u;) can be complex. Slnce the power absorbed by
the str lpl lnes represenbs the real part of 2,,(u ),  ue
can nrl te for P palr of str lpl ines for poslt lon
measurement ln the x plane (see eqn 3.3):

1 Pe [?.(ot] r], {-1 = I z,Pi e o.1l j,*1e-l 1 :r'(o) 1 o. 2

Hence

Q"p,,c-t] -- 2Pu"ei 6,61) s,,*(V)
where

4 9 L
t n

6h.,1= ,*ti"is,;{$L)+ff,)t^ *l t-

1 r . 3

Because poslt lon Eonltorlng electrodes are
tradlt lonal ly placed at locatlons where the betatron
anpll tude functlons ane a maxlaum, values of Z- for a
typlcal r lng may be as Duch as twlce as Large'as the
ncanonicaln reslst lve Hall  value:
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1 2. q.ggSgll!91_!.9_glgcLrosLar ic pickup Elecrnodes

Trad l t lona l l y ,  e lec t rosLat ic  p ickup s tnuc tunes  havebeen used ln nany accelerators. One prtoary reasonls to select a geometry nhlch nakes the dlf ference
oyer sum response l lnear ln displacement ln onecoordlnate, and lndep€ndent of displacement, ln theother. Another reason ls that t t  i"  posslble Loobtaln a hlgher shunt topedance at Lhe neasurlng
frequency and therefore more slgnal power and betterslgnal. to nolse rat los for low ou"""nt beams.

One DaJor draHback ln hlgh current r lngs ts thab thebeae -sees the equlvalent of a tr insmlsslon l lneessentlal ly untermlnated at both €nds and hence canbe resonant Hlt.h a falr l .y hlgh Q at cerLaln
frequencles. Thls could contr lbute to beamlns tab l l l t les .  In  add l t ton ,  the  b tpo la r  doub le tresponse to a slngle beao bunch vouLd be yery poor.
DlFecblonal propert les uould be non exlstant. I f  theeLectrode strucbure ls a dlagonally cut geometry,
slgnal, phase dlf ferences nust be accounted for l fAH./PH slgnal processlng ls used. I f  bhe transntsslon
llne used to brlng out the slgnal needs co be backtemlnated, t t ,  oust be done at a near tn" "f"" i"oOJ,
unLtke the str ipl lne whlch can be benmlnated anydlstance from the domstream port.
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Flgure 2.  Cedmetry for  calculat lons
in Sect lon 4.
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Figure 3 ?eak output  vol tage for  var ious
harmonics of the nf U"n"hi"l---
frequency in the Tevatron
dlrect lonal  couplers for  l01o
frotons per bunch, v" .rs b.rn.h
wldth o.  See equat ion 5.4

Geometry for calculbtlone ln
Sect loos 2 and 3.
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