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POWER COUPLERS: SOURCES AND CONSEQUENCES OF MISMATCHES

E. Haebel
CERN, Geneva, Switzerland

1. Coupling andbeam currenterrors or unusualoperational requirements have the
consequencé¢hat power couplers of superconductiogvities most ofterwork in a non
matchedstate. Thissituation is analysed insing the equivalent circuit approaand in
progressing from simpler to more complex cases.

1 Introduction

For this session on couplers no review talk is programmed. Laboratories shall themselves report on
their recentdevelopments. Buhe CERN couplerdave already been describeddetail and | have
been asked taliscussmore general coupler relateguestions intaking CERN construction as
paradigm.

A question which then comes up concepwver couplers for superconducting (sc) cavities.
Although such couplersare normal conducting devices we oftimd them much more difficult to
operate than similar constructions on copper cavities. LEPcouplers for copper- and savities
respectively are an example.

This difficulty has two reasons which are interconnected. A firdtaswe rarely can operaseich
couplers undeideal matcheatonditions. Part othe responsibilityfor this situation is inour own
camp.The present technology afiulti-cell sc cavityconstruction results in mediocre field flatness
between cells and hence in a considerable scatter of the coupling external Qs within a lot of cavities.

But in addition accelerators ofteniss (orexceed) originally announcdsamcurrents by factors
andthat fully reflects back on the loddeen’ bythe coupler to a sc cavitywhere walllosses are
negligible.

Thus too often power passes through the coupler in the form of a partial standing waleealyth
much higher fields than in the ‘flathatched casand here a second reason of difficulties specific to
the sc case comes in:

Our couplers need a warm-cold transition piece bridging the thermal gap between the cavity and the
room temperatur ceramic vacuum window at the coupler input. Gas released freimdbe by RF-
heating[1] is cryo-pumpednto this pieceand, adsorbed tits wall, enhances there the electron
secondary emission coefficient (SE).

Higher RF-fields at a givepower transfer anédnhanced SE in combination are the cause of our
main problem: We encounter more levels @&sonant RF discharge@nultipacting) than in
conventional copper systems and these levels are more diffi@dhtbtion, have even (because new
gas hasbeenadsorbed)the tendency to reappear after a periodoptration, aneffect called
‘deconditioning’.

A coupler talk isnot theplace todiscussmultipacting in detailbut se€[2]). However, inputting
now the emphasis on conditions afismatch it appears worthwile to have another look lmeam-
loading of a sc cavity.

2 Generator-cavity-beam-interaction
2.1 Equivalent circuits
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Figure 1: The basic elements of an accelerating station.
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If we want to simplify araccelerating station tibs essential parts we find five components: A RF
power-generatowith internal resistandg, atransmission lingthe coupler line) with wave-impedance
Zo from the generator to aoupler proper, a cavity and abeam The circuit aboveshows these
components. The generator is represented by its Helmholtz equivalent and it has been assumed that th
transmissiorine is source-matched0 = R. It transportsthe incident (generatopower Pj to the
coupling device which here is thought to be inductive (although in realitgrefer capacitive'probe’
coupling). The cavity is a parallel, zeross LC-resonator with resonance frequen¢y= w, /(2mn),
w: =1/ JLc and w,C=1/(R/Q) and thebeam a currerdource,injecting the RF beam curreh into
the resonator.

At frequencies near t@. the coupler acts as a step-up transformer i.e. looking from the resonator to
the generator ongsees asource-matched “abstracttansmissionline with a higher characteristic
impedance&e but carrying thesamepowerPj and we can simplify the circuit as outlined below :
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- - [

P ¢ vic

! —»

— » Zo=(RIQ)Qe ch @ Beam
Line Cavity

figure 2: Simplified circuit diagram of beam loading

In a ‘thought experiment’ where the cavity oscillates with an accelerating vojtggérich wewill
call cavity voltag¢ and a stored enerdy but the generator’s source current is switcb#dthe cavity
would loose the powekr, to the generator and the relations hold :

WU /Qe =R =V21(2Z)
but V2 =2wU(R/ Q)
thus Z.=(R/IQ Q. - Q)

Note, that in a group of cavities feth apowerdivider from a singleamplifier all cavities can be
reasonably expected to receive the same pBw&ut due tacoupling errorsthe wave impedance&g
of their individual ‘abstract’ feed lines will be different and so dl® amplitudes of theiforward

currentdf ( and forward voltagegf = Zelf) :
It =J2R/Z .

But at this moment we will concentrate on only one cawity the aim to calculatés accelerating
voltage\, as a function of its forward currelftand the RFbeam currentp . At our disposabre the
following two equations :

Lol +Zly =\ +Vf =V (2)
and lf =l =1 =1+l =\e/Zo+ 1, . (3)

Note, thatvf, Vr, If andly arethe (complex) amplitudes efaves,measurable only witkthe help
of directional couplers, wheregsandlp are circuit currents in the proper sens.

Yc = 1/Zc is the susceptare of the LC-resonator.With the generatofrequencyfg and the
resonator’s resonance frequeingy

Y. =1/Z iyt C=j2
¢ © ch fy ch

It is instructive to compare a detunirfg ¢ fc) to the loadedandwidthAf = fc/Qe of thecavity.
We therefore define mormalized detuning dy
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d=(fg = fc) I(AF12) = 2(fy = fc)(Qe/ fc)

and with (4) d=-jZ./2Z. (5)
Dividing now equ. (2) byz, and adding the result to equ. (3) we find :
L
2|f_Ze+ZC+Ib . (6)

2.2 Phasor diagrams

Equ. (6) iswell suited to visualize thproblems of tuning and matching graphicall its four
terms are complex current phasors and so, in a complex current plane, one can eguegéntby a
phasor diagram :

\// |f
AN \b/Ze d
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Figure 3: Phasor diagram of beam loading

In the diagram above, by an appropriate choice of the time zero, the forward lgusrentthereal
axis of the complex current plane. (Thighe RF engineer’'shoice. A second convention, preferred
by physicists, puts/z, on the real axis). Evidently tiweltage\, cannot be represented ircarrent
planebut, sinceZe is areal quantity,the currentv,/ z, givesthe direction ofV¢. \,/Zz. on the other
hand,since z, is animaginary quantity, must be at an righnhgle to\,/z, and hence theiphasors
must meet on aircle which has the phasan; -1, as diameter.

The diagram is drawn with an angldetween the phasors of forwardrrentlf andbeam current
Ib. This angle representise stationphase It can be sefrom the controlroom. Wehave also phase
angles between the cavity voltageand the beam currehy and theforward currentlf respectively.
The first of these angles is the one which really matterparticle acceleration: It is tr®/nchronous
phaseg of thebunches (measured frothe crest of the voltage) ariths to bekept at a prescribed
value. The secondangle (betweervc andIf) influences the efficiency gbower transferbetween
generator and beam and ideally should be made zero (the transmission line theméatks=d by a
proper choice of both station phase and cavity detuning.

2.3 The detuning condition

A formula for the required cavity detuning is readily obtained: In fact, for real valugs, &fc and
If equ. (2)implies a reallr, andequ. (3)then also aeal value ofVc/Zc + Ib, i.e. Vd/Zc must
compensate the imaginary (quadrature) component of the RF beam current.

A/ 1 .y
Yo 41, =0 = =_jbi 7
=0 o o= (7)

and calling the required normalized detuningagpemal detuninglo we get with (5)

Z Ip| .
doz_vjlbi :_(R/Q)Qe%S'n(D - (8)
The following vector diagram representsapiimally detunedtase.Station- andsynchronous phase
are now equal.
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Figure 4: Phasor diagram for optimal detuning

2.4 The matching condition

With a superconductingavity we may realize #00% power transfegfficiency to the beam : In
addition to detuning we couplkuchthat Vc/Ze = If. In factfrom equ. (2)thenlr = Vr =0 (no
reflected power) o¥c = Vf and from equ. (3)f = Ibr and wemay calculate theequired external Q
of the coupler from the cavity voltafe and the in-phase componépi of the RF beam current:

_ Ze :Vfllf :Vcllbr (9a)
R/Q R/Q R/IQ °

Qe

We may also introduce the matched power which we want to transfer to thewehraPh = V¢ lbr

Q = VC2 1 :V_C2 1
® Vly RIQ 2R, R/Q

As we see from equ. (9a) we match to a gr&dio of cavity voltage and in-phase beam current.

(9Db)

3 Non matched states
3.1 The general formulas

To start the discussion of non matched states we solve equ. (6) for the cavity Wohageobtain
2l -1y
~ 1+jd

Of special interest for the operation of a power coupler is the reflection coefficieryt/Vi . With
Vc = Vr + Vi andVf = Ze If we find from equ. (10):

Z.. (10)

c

21y /1
- % g 2/l (11)
Zolt 1+jd

3.2 Cauvity voltage with optimal detuning

)

Let us now assume that two cavities, via a power divigegive identical incidergowers P and
have individual tuning loops which assure detuning te do. We then may substituequ. (8)into
equ. (10) to obtain

Ve = Ze(2lf = o) =2V = Zelpy - (12)
In addition, a voltage loop which measuties field in thefirst of the two cavities (cavity a) shall

keep its voltage constant & =\, in acting on the generator to produce the appropitateard
voltage \t,. From (12):

1
Via = E(Vca +Ze Ibr)- (13)

In general voltage reflection will occur and fromg +V;, = i, follows with (12) and (13) :
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Via = %(Vca ~Zea Ibr) . (14)

Evidently from (14), for our reference cavity the matching in-phase beam currgtas,, / Z,,. We
proceed in calculatingpom v;, the incidentpower Pi which in turn allows tadetermineboth the
forward voltagey to the second cavity and its voltage:

Ve = 2(Ze ! Zea) ™" Via ~ Zeo oy -

Substituting (13) and dividing the beam currentiby we arrive at

M - ED o B Qe o (15)
Vca \“Qeag Ibra Qea Ibra

Note, that as aonsequence aéqu. (15) forsmall beancurrents Kpr < Ibra) and undercoupling
(Qe > Qegq the cavity field becomes higher than the nommaé. This is illustrated inthe figure
below, taking the LEP cavitwith its nominal gradient of 81V/m as example.The usedrange of
Qe / Qeacorresponds to what is found for the present fabrication methods of cavities and couplers.

8
Qea = 1.88E6 ; Ibfa = 28 mA ; Phi =-32.8 deg
MV/m
7 i
b=0
lbr = .5 Ibra
6

Ibr = lbra

0.7 0.9 Qe/Qea 1.1 1.3

Figure 5: Coupling dependence of the acc. gradient for three different beam currents

3.3 Enhanced fields in the coupling line

Coupling errors may also enhance the field in the coupling line. Wenfitstegard the coupler of
our reference cavity anfind that thein-phasebeam current,, must not exeethe nominal current

lbra
Introducing in (13) and (14) the matching currgpt = V., / Z,, and writing i = Iy, / 1., gives

2Va = Vea ~ (Zealpra) lbr / Tora = Vea(1— 1

and 2Via = Vea + (Zealbra) lor / lora = Vea (1+ 1)
and by division P ol (16)
a  1+1 1+1
The maximal voltage on the ‘abstract’ transmission lingjs=(1+|0|) ;. Here for currents <1:
2 2 -
(1+|pa|)vfa:mvfazmTCa(l"'l):Vca- 17)
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For all currentsi <1 the maximal voltage is equal to the travellingve voltage athe matchpoint.
Danger starts only for in-phase beam currents bigger than the matching one<ithand
21 -
(1+|Pa|)vfa T1eT Via = Mal -
It is therefore mandatory, if no construction witiriable coupling strength is available,natch for
the highest planned beam intensity.
Having done this fothe reference cavity asur discussion a secomavity with weaker coupling
will reach the matclpoint at a current,, <1,,, and atl,, alreadysuffer fromfield enhancement.
Quanti-tatively equations (13) and (14) now can be writtgn=Z, I, IS used)

0V, Ze -0

2V, =\, -—1
r caB\E Zen E
2V :\éaDVC +Zi|_§

After substitution of equ. (15) and division follows for the second cavity

J1o | Qe 2l
p=1 \/; a7 (18)
Finally, comparing fields in the coupling lines of the two cavities we thiatlfor Qe > Qeaand I =1
field is enhanced by the square root ef@a.

3.4 Tuning offsets

In the accelerator RF language a tuning offset is a deviation from optimal detuning. In LEP a tuning
offset issystematicallyused: Cavitiesre operated near to their resonance frequengy r.)i.e. the
guadrature component of the beam is not compensated.

In fact, due to their construction from thin wallebtalsheets scavities are much more sensitive
to mechanicaperturbations then conventional Cu cavittespondingeven tonoisy flow of liquid
helium with vibrations at theirmechanicaleigen-frequencies. These vibratioase translated into
phase- an@mplitude modulations of the caviwltage,the more the bigger the detuning and may
even, at high voltage and detuning degenerate into self-sustained ‘ponderomotive’ oscillations [3].
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Figure 6: LEP cavity: Detuning from the matched operating point

To illustrate offset effects for LEP the figures 6 and 7 have been prepared, using equations (10) and
(11) directly fornumerical calculationgzig. 6 showsthe effects of cavity tuninfpr the nominal dc
beam current of 2x7 mA, an incident power of 120 kW, a station phase of -33 d@g antl9 106:
With 7 MV/m the accelerating gradient peakfat fg but there thgpowertransmitted to the beam is
only 70 KW. With a detuning df - fc = 60 Hz the reflection becomes zero and the beam power rises
to 120 kW at 6 MV/m but we are on the slope of the resonance cuvge of
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Optimal operating parameters with no detur(figg= fg) are used in figure P hasbeen increased
to 132.5 KWand the statiorphase decreased t©4.5 deg.Then at zero detuning20 KW are
delivered to the beam at the nominal gradient &\8m i. e. the synchronous phasangle has its
correct value of -33 deg. Calculating from the reflected pow&d KW the module op and then
(1+|p)2R we obtain the travelingzave powerequivalent to the maximal voltage in tbeuplerline.
Here we find 226 KW. Up to this powére couplethas now to bdree of multipactodischarges in
traveling wave operation. And to even higher powers if coupling errors are taken into account.
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Figure 7: LEP cavity operation with optimal parameters for zero detuning

The original LEP coupler design had a first serious multipacting level E¥85Increasing the wave
impedance of the couplifigne from 50Q to 75Q allowed to shift thidevel to 130 KW. But a
break-through improvememnwas obtained after addingapacitiveinsulations [4] whichallow to
polarize the inner conductor of the couplimg with 2.5 KV dcagainst the outeconductor.More
recently, during a test on a single cell sc cavity with both an in- and output power cowgtipactor
free traveling wave operation up to 600 KW has been redled
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