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Abstract

A method is proposed for using adjustable, waveguide 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 the load
impedance to a generator under all conditions of beam loading, ensuring
optimum power transfer between generator and cavity. This technique may
have advantages in high-current storage rings such as the SLC damping
rings and the new PEP II storage rings. The coupled-bunch instability
~driven by the fundamental mode of the cavity is re-appraised in this
coupling scheme in which the cavity is no longer detuned. The
consequences of this matching scheme are also considered for the beam
loading stability limit.
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Abstract

A method is proposed for using adjustable, waveguide
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 the load impedance to a generator
under all conditions of beam loading, ensuring
optimum power transfer between generator and cavity.
This technique may have advantages in high-current
storage rings such as the SLC damping rings and the
new PEP II storage rings. The coupled-bunch instability
driven by the fundamental mode of the cavity is re-
appraised in this coupling scheme in which the cavity
is no longer detuned. The consequences of this
matching scheme are also considered for the beam
loading stability limit.

1 INTRODUCTION

The beam in an RF cavity is seen by the generator
(klystron) as a complex load impedance. The reactive
component of this beam load impedance is determined
by the synchronous phase angle, ¢ of the beam and
consequently held fixed by other parameters of the
accelerator. In high-current storage rings it is necessary
to fully match this complex load to the generator to
ensure efficient transfer of power.

In a typical storage ring cavity this is done in
_ two steps by matching the real, or resistive, part with

_the coupling ratio at the cavity port and secondly
detuning the cavity to match the imaginary, or real,
part of the load. The resistive component of the match
is not typically adjustable and is fixed by the geometry
of the cavity coupler. In such cases the matching is
only optimized for one design beam intensity. The
reactive matching through cavity detuning can be
achieved with a mechanical tuner and adjusted
according to the average beam current.

The impedance seen by the generator
determines the power transfer efficiency to the beam,
but the impedance seen by the beam determines the
stability of the beam. In high-current, multiple bunch
"factory” machines the cost and feasibility of feedback
systems to damp these instabilities must be weighed
against the cost of the installed RF power. Coupled
_bunch instabilities are driven by the asymmetric
impedance at the betatron sideband frequencies which
is a direct consequence of detuning the cavity[1]. The
beam loading -stability threshold is also lowered as the
cavity is detuned to obtain efficient matching. As the
cavity impedance angle is increased with the beam
intensity the generator component, V;, of the cavity
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Figure 1: a. Adjustable stub lines perpendicular to the waveguide -
between the cavity and klystron, b. an equivalent alternative using

adjustable posts in the waveguide.

voltage becomes increasingly out of phase with the

total cavity voltage, V., until the Robinson limit is

reached where V, is 180" out of phase to the beam

current, I, and no longitudinal focusing remains[2,3].

The load matching discussed in this paper
utilizes adjustable stub lines placed in the waveguide
between the cavity and the klystron. Rather than
adjusting the cavity parameters to match the generator,
the stub lines add an extra degree of freedom to
transform an unmatched load to its source. Once the
new matching conditions have been established with
the stub lines the impedance, seen by the beam, of the
cavity plus the generator is analyzed and the
conditions for beam stability described.

The stub line matching of the load impedance
to its power source does appear to have the advantage
of providing all of the adjustment outside of the cavity
vacuum. Furthermore, the matching for both the
resistive and reactive components can be adjusted for
any beam intensity. In the conventional coupling
scheme only the reactive matching is adjustable. The
capability to vary the resistive component of the match
becomes more critical for machines where the
synchronous phase is large.

2 THE BEAM AND CAVITY LOAD

The equivalent circuit model of the cavity resonator
coupled by a transmission line to a generator such as a
klystron, shown in figure 2, has been described in
detail by Wilson [4]. In this model the fundamental
mode of the cavity is represented by a parallel RLC

circuit [5]. The beam current I, = 210e_j(w'+¢‘*), where
3
B = —;—T— —-¢g, can be represented as a load

admittance, Yy, with real and imaginary components
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Figure 2: Equivalent circuit model of klystron, transmission line and
cavity (after Wilson [4]).
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The total current in the cavity, I, is the vector sum of
the generator and beam currents, IC = IG +1 g- The

combined impedance contributions from the beam and
the cavity gives a total real and imaginary admittance

of
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Matching of the load to the generator for optimum
power transfer is done in two independent steps. To
match the real part of the impedance requires finding
Bc such that the admittance in equation (2), when
transformed to the generator side of the transformer,
becomes equal to the characteristic line admittance.
This gives

I
Bc =1+ 2Ry, sings (3
Ve
In order to match the imaginary part of the

impedance we find that the beam has introduced a
reactive term that in present designs is compensated
by reactive tuning of the cavity [6, 7]. The cavity has a
non-zero imaginary admittance when tuned away from
its resonant frequency,

Y, (0) ~ —(1-j tan¢;) (4)
sh
"~ where
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tang, = -0, L—%2 - 20 2 (5)
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The condition for making the total imaginary
component of the impedance, as given in equation
(2), zero is
1
tan g, = |[~2R, cos¢g (6)
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3 TRANSMISSION LINE MATCHING

When a mismatch occurs because the load impedance
is not equal to the characteristic impedance of the
transmission line, some of the wave is reflected. The
reflection coefficient is defined as the ratio of the
amplitudes of the forward and backward wave,

Vo Z,-Ry Zr-1
ok TR fL70 (7
Ve Zp+Ry ZL +1
- Z . .
where Z =Z—L, is the normalized load impedance.
0

Superposition of the forward and reflected waves leads
to a standing wave pattern. A quantity that can
actually be measured is the voltage standing wave

N =
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Figure 3: Smith chart representation of the reflection coefficient
from a load with mismatched admittance at point 1. A length of
waveguide, d, transforms it on a circle to point 2 where a stub of
length d, transforms it along a line of constant conductance to a
match at 3.
ratio (VSWR), §, that is related to the reflection
coefficient by
S = = 1+_IF| (8)
lvmml 1- |r|

The impedance properties of a transmission
line can also be represented graphically on a Smith
chart. At the load, the reflection coefficient will be
designated I',, so that at a distance / from the load

- [rufe?®, =2t ©)

Equation (7) may now be rearranged to give

the normalized input admittance, located at a distance
! from the load,

(10)

where G is the normalized input conductance and B
is the normalized input susceptance. The load
admittance as defined by equation (2) can be
represented as a point on the Smith chart in figure 3,
for a given waveguide impedance Z,,.

Moving away from the load a distance !
toward the generator is equivalent to a clockwise
rotation of a point on the chart through an angle 2f/ at
a constant radius, allowing the transformed resistance
and reactance of the load to simply read off the graph.
Adding a length, d, of shorted line which is terminated
in zero resistance has the effect of adding an
admittance

! (11)
Gy tan pd
which is equivalent to moving along a circular contour
of constant conductance on the Smith chart. In the next
section we will use this graphical technique to
illustrate the use of stub lines for matching a complex
load impedance, like a beam loaded cavity, to a
generator. Note that a matched load impedance is
equivalent to a normalized resistance of 1 and zero
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Figure 4: Single (left) and double stub matching(right).
reactance, corresponding to a point at the origin of the
Smith chart.

3.1 Single stub matching

The principle of matching with a single stub lies in
choosing the length, d,, of the stub and its distance, d,
from the load such that the reflected wave from the
stub just cancels the reflected wave from the load, as
shown in figure 4a. The procedure for choosing d and d,
was shown graphically in figure 3. Alternatively, if the
VSWR from the load is measured before the addition

of the stub line the values for d and d, can be
determined from S,
S-1
cotfd, ==+ , tanpd, ==+S 12
pd, 75 pd (12)

where d,, is now the distance of the stub line measured
toward the generator from the position of the voltage
maximum. The positive square root sign is used for
0<d,<MA/4 and is negative for A/4< d,, <A/2.

3.1 Double stub matching

It is usually not possible to vary the distance of the
stub line from the load to compensate for load
impedance changes. This difficulty can be overcome
by using two adjustable stub lines of length 4, and d,
as the two variables, at an arbitrary distance from the
load but separated by a distance d =A/ 2 from each
other, as shown in figure 4b. The distance of the first
- stub from the load is completely arbitrary as the
transformed load impedance at that location is now
taken as the new load impedance to be matched.

The matching procedure is shown graphically
in figure 5, where point 1 represents the normalized
load admittance at the junction of the stub d,. The stub
line of length d, adds susceptance only, so the locus
moves to point 2 along a contour of constant G =Gp.
The length of transmission line d between the two
stubs transforms point 2 through an angle 28d where it
intercepts the circle G =1 at point 3. The stub line 4,
adds susceptance
to move the point
along the contour
. G=1 until it
N meets the origin at

X . point 4.

As  with
the single stub, the
matching condi-
tions can be
expressed in terms

A B s of the measured
e ' " VSWR, so that in
’ the example for
d=MA/4:

Figure 5: Smith chart representation of
double stub matching.

cotfd; =S -1, cotPd, == (13)

If the range of load impedances to be matched is
unusually large, or if it is physically difficult to make d
small enough to accommodate the range of
impedances, then a third adjustable stub can be added.
Adding a third degree of freedom in a triple stub
matching arrangement is sufficient to ensure all load
conditions can be matched.
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4 BEAM STABILITY

At first sight it might appear that not detuning the
cavity would be advantageous for the driving terms of
the coupled bunch instability. However, the beam sees
both the cavity and generator impedance in parallel -
and the generator now appears as a reactive
impedance when transformed through the stub line. In
fact, the beam must see exactly the same reactive
impedance component as the conventionally detuned
cavity. The main advantage remains the practical
aspect of placing the moveable tuning element outside
of the vacuum system in the waveguide.
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Figure 6: Equivalent circuit (a) with stub line matching and the
phasors (b) including the stub line current. Beam loading limit
(right) as a function of impedance angle and loading angle.

Similarly, the Robinson beam loading limit,
according to

- 2'sm o , tang, = tan ¢, +.Y oS ¢p (14)
sin 2¢; 1-Ysin ¢y

appears to increase when ¢,=0, as in fig. 6. However,

stability is now lost when V, is 180° out of phase with

I,, even though V; is in phase with V., so the beam

loading limit is the same as for conventional matching.
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