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Abstract

A method is proposed for using adjustable, waveguide f D [ [
stub-line tuners to match the load impedance of the cavity :
plus beam to the power source, without the need to detune
the cavity. Adjustable stub-line tuners are shown to be
able to completely match the resistive and reactive parts of m
the load impedance to a generator under all condition%igf

. . . ure 1: a. Adjustable stub lines perpendicular to the waveguide be-
beam loading, ensunng _Op“mum power transfer betwggBen the cavity and Kiystron, b. an equivalent alternative using adjust-
generator and cavity. This technique may have advantag®&sposts in the waveguide.

in high-current storage rings such as the SLC dampi

rings and the new PEP Il storage rings. The coupl . .
bunch instability driven by the fundamental mode of gjatensity the generator componet, of the cavity vol-

cavity is re-appraised in this coupling scheme in which {Ad® becomes increasingly out of phase with the total cav-

cavity is no longer detuned. The consequences of gﬁ)(sé\;oltage,vc, until the Robinson limit is reached where
d

matching scheme are also considered for the beam loadif .180 out Of phase o the beam currefgt.and no lon-
stability limit. gitadinal focusing remains[2,3].

The load matching discussed in this paper utilizes ad-
1 INTRODUCTION justable stub lines placed in the waveguide between the
cgyity and the klystron. Rather than adjusting the cavity
grameters to match the generator, the stub lines add an

nent of tis beam load mpedance s determine by 2 S50 01 esdom 1o veneio o wmatiied g
synchronous phase anglg,, of the beam and conse- ' 9

qguently held fixed by other parameters of the accelera%?f[ab“Shed with the stub lines the impedance, seen by the

In high-current storage rings it is necessary to fully mat fam. of the cavity plus _the generator is analyzed and the
Cn(%ndItIOI’]S for beam stability described.

this complex load to the generator to ensure efficie . . . .
P 9 The stub line matching of the load impedance to its

transfer of power. ower source does appear to have the advantage of pro
In a typical storage ring cavity this is done in two ste@s PP 9 P

by matching the real, or resistive, part with the coupli iding all of the adjustment outside of the cavity vacuum.

: . . . rthermore, the matching for both the resistive and reac-
ratio at the cavity port and secondly detuning the cavityt ) ) .
tlé/_e components can be adjusted for any beam intensity.

match the imaginary, or real, part of the load. The res ! . .
: : : . n the conventional coupling scheme only the reactive
tive component of the match is not typically adjustable L . o L
- " matching is adjustable. The capability to vary the resistive
and is fixed by the geometry of the cavity coupler. In such -
mponent of the match becomes more critical for ma-

cases the matching is only optimized for one design be%ﬁ?nes where the svnchronous phase is large
intensity. The reactive matching through cavity detuning y P ge.
can be achieved with a mechanical tuner and adjusted 2 THE BEAM AND CAVITY LOAD

according to the average beam current. . - :
g 9 TFS equivalent circuit model of the cavity resonator cou-

The impedance seen by the generator determines t L
- . d by a transmission line to a generator such as a klys-
power transfer efficiency to the beam, but the impedarfc N ! . :
n, shown in figure 2, has been described in detail by

) o r
seen by the beam determines the stability of the beam\./g)n .
high-current, multiple bunch "factory” machines the co% IIson [4]. In this model the fundamental mode of the
and feasibility of feedback systems to damp these in¢ Ve

() )]

S the cavity impedance angle is increased with the beam

The beam in an RF cavity is seen by the generator (ki
tron) as a complex load impedance. The reactive com

bilities must be weighed against the cost of the instal il = Y %
RF power. Coupled bunch instabilities are driven by t,. |yK

asymmetric impedance at the betatron sideband freqt

cies which is a direct consequence of detuning the c Tt .

ity[1]. The beam loading stability threshold is also lov  kjstron output Transmission AF Cavity
ered as the cavity is detuned to obtain efficient matchi.._,. — “avity Line

Figure 2: Equivalent circuit model of klystron, transmission line and
cavity (after Wilson [4]).

*'Work supported by Department of Energy Contract DE-AC03-76SF00515.

0-7803-4376-X/98/$10.00 [J 1998 IEEE 3030



cavity is represented by a parallel RLC circuit [5]. Tk

—

i 3z
beam currentlg =217 (**%) \where gg = > ds, _

B-2 B-15 B=1 B-0.5
can be represented as a load admittangewlth real and
imaginary components
I I
Re(Yg) = R§ =2 | = |2 sin
( B) {ch VC ¢S
(1) .
I (Y ) I [IBJ IB ¢
m =Im|— | = |—| cos
B S
VC VC
The total current in the cavity,, is the vector sum of the
generator and beam currentsg = Ig +1g. The com-

bined impedance contributions from the beam and 1 = Bhs ES
cavity gives a total real and imaginary admittance of

| 1
Re(Y.)=Rg <& |=—|1+
o~ -2
|m(YG)= |m(|_0j = —itan¢z +|-E| cosgs standing wave pattern. A quantity that can actually be
Ve R, Ve measured is the voltage standing wave ratio (VSVER),
Matching of the load to the generator for optimum pow#iat is related to the reflection coefficient by
transfer is done in two independent steps. To match the |Vmax| 1+|1]

real part of the impedance requires findifigsuch that S= |V 1-|1 (®)

the admittance in equation (2), when transformed to the . e . .
The impedance properties of a transmission line can

generator side of the transformer, becomes equal to the . .
characteristic line admittance. This gives also be represented graphically on a Smith chart. At the

load, the reflection coefficient will be designated so
Be =1+ v Ry,Sings (3) that at a distandefrom the load

- | rO)=Irle®, p-= ©)
In order to match the imaginary part of the impedance A
we find that the beam has introduced a reactive term thatEquation (7) may now be rearranged to give the nor-
in present designs is compensated by reactive tuningmalizedinput admittance, located at a distarideom the
the cavity [6, 7]. The cavity has a non-zero imaginalyad,

Figure 3: Smith chart representation of the reflection coefficient from a
g . load with mismatched admittance at point 1. A length of wavegdide,
V. Rsh Sm¢S transforms it on a circle to point 2 where a stub of ledgthansforms it

c ) along a line of constant conductance to a match at 3.

g

s

admittance when tuned away from its resonant frequency, = 1 1-1(1) = =
A - ===TT =G+ jB (10)
Yc(a))zgcl.—jtanqﬁz) 4) _ Z +T() _
h ) ) where G is the normalized input conductance aBdis
where tang, =-Q 22— z_Zqoﬂ’ (5) the normalized input susceptance. The load admittance as
0D @, defined by equation (2) can be represented as a point on
The condition for making the total imaginary componeHte Smith chart in figure 3, for a given waveguide imped-
of the impedance, as given in equation (2), zero is anceZ,
s Moving away from the load a distantegoward the
tang, = v, R_cosgg (6) generator is equivalent to a clockwise rotation of a point
C

on the chart through an angl#l at a constant radius,
allowing the transformed resistance and reactance of the
3 TRANSMISSION LINE MATCHING load to simply read off the graph. Adding a lengthof
When a mismatch occurs because the load impedancehisrited line which is terminated in zero resistance has the
not equal to the characteristic impedance of the transnaiffect of adding an admittance
sion line, some of the wave is reflected. The reflection > Ys i
coefficient is defined as the ratio of the amplitudes of the Ys= =0+

G, tangd
forward and backward wave I . : .
v o= which is equivalent to moving along a circular contour of

- 4R __ZL—1<1

= = < (7) constant conductance on the Smith chart. In the next sec-

V,_+ ZL+Ry Zo+1 tion we will use this graphical technique to illustrate the
= Z . ) ) use of stub lines for matching a complex load impedance,

where 7L = Z 13 the normalized load impedance. Siye 5 heam loaded cavity, to a generator. Note that a

0 . . . .
perposition of the forward and reflected waves leads téngtched load impedance is equivalent to a normalized

11)

T =
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As with the single stub, the matching conditions can be

u fg rli ik fé expressed in terms of the measured VSWR, so that in the
v i EE example ford=A/4:
-] i P

W W cotfd, =+yS—1, cotA, =+ SS_ 1 (13)
< 4

If the range of load impedances to be matched is unusu-
Figure 4: Single (left) and double stub matching(right). ally large, or if it is physically difficult to makd small
resistance of 1 and zero reactance, corresponding f U%UQZ_'{O agclzommt;)date k’;he :jzngde zg:jmpedar;f%s,dthen a
point at the origin of the Smith chart. third a JUSte_l € st_u can be added. Ing a t Ird degree

of freedom in a triple stub matching arrangement is suffi-

3.1 Single stub matching cient to ensure all load conditions can be matched.
The principle of matching with a single stub lies in
choosing the lengthd,, of the stub and its distance, 4 BEAM STABILITY

from the load such that the reflected wave from the stAbfirst sight it might appear that not detuning the cavity
just cancels the reflected wave from the load, as showmwiould be advantageous for the driving terms of the cou-
figure 4a. The procedure for choosid@ndd, was shown pled bunch instability. However, the beam sees both the
graphically in figure 3. Alternatively, if the VSWR fromcavity and generator impedance in parallel and the gen-
the load is measured before the addition of the stub lemator now appears as a reactive impedance when trans-
the values fod andd, can be determined frof formed through the stub line. In fact, the beam must see
cotid, :iST_Sl’ tan/d,, B exactly the same reactive impedance component as the

(12) conventionally detuned cavity. The main advantage re-
(z)
whered, is now the distance of the stub line measure

toward the generator from the position of the voltac
maximum. The positive square root sign is used fi
0<d <A/4 and is negative fdt/4< d <i/2.

3.1 Double stub matching . =

It is usually not possible to vary the distance of the sti
line from the load to compensate for load impedan:
changes. This difficulty can be overcome by using tw
adjustable stub lines of length andd, as the two vari-
ables, at an arbitrary distance from the load but separa [ N o
by a distancal #1/2 from each other, as shown in figuréigure 6: Equivalent circuit (a) with stub line matching and the phasors
4b. The distance of the first stub from the load is cofflincluding the stub line current. Beam loading limit (right) as a func-
pletely arbitrary as the transformed load impedance at fiogeof impedance angle and loading angle.
location is now taken as the new load impedance to rpains the practical aspect of placing the moveable tuning
matched. element outside of the vacuum system in the waveguide.
The matching procedure is shown graphically in figure Similarly, the Robinson beam loading limit, accord-
5, where point 1 represents the normalized load adniilg to .
tance at the junction of the stdp The stub line of length V. 2singg tang. = —tang; +Y cosgy (14)
d, adds susceptance only, so the locus moves to point 2 sin 24, 1-Ysingg

along a contour of consta = GL. The length of trans- gppears to increase wheF0, as in fig. 6. However, sta-
. mission line d be- bility is now lost whenV, is 180 out of phase with.,

tween the two stubseven thoughv, is in phase with/,, so the beam loading

transforms point 2 |imit is the same as for conventional matching.

through an angle
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