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I. INTRODUCTION

Plans for CESR-B, the proposed upgrade of the CESR
ete~ storage ring to a B-factory, call for single-cell su-
perconducting cavities with heavily damped higher-order
modes (HOMs); Q@ < 100 is required for the danger-
ous modes in order to avoid multi-bunch instabilities [1].
The cavity is designed to enable all HOMs to propagate
into the beam pipe, where they are damped by a layer
of microwave-absorbing ferrite. Other “single-mode cav-
ity” designs have been shown to have trapped modes, i.e.
HOMs with low fields in the beam tube even though they
are above cutoff [2, 3]. Trapped modes in the CESR-B
cavity would be poorly damped by the ferrite loads and
might have excessively high Q’s.

Several different approaches have been taken in assess-
ing the effectiveness of the CESR-B cavity design: (i) the
Q’s of monopole and dipole modes have been measured in
a full-size copper cavity with ferrite loads [4, 5]; (ii) the @’s
of monopole modes have been predlcted using SEAFISH
to model the cavity and loads [5]; (ili) ihe curreni-voliage
method has been used to search for trapped monopole
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treatment is given in a separate report [6].

II. THE CURRENT-VOLTAGE METHOD
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Consider a resonant cavity driven by a generator and

damped by a load. A possible circuit model for this situa-
tion is shown in Figure la. A Thévenin equivalent circuit

for the cavity, generator, couplers, and transmission lines
is shown in Figure 1b. The power P dissipated in the load
resistor R is

p=lp tVul
2| Zu + R}
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Figure 1. (a) A circuit model for a lossless resonant cavity
excited by an ideal generator and damped by a resistive
load at the end of a lossless transmission line; (b) the cir-
cuit model with the cavity, couplers, transmission line, and
generator replaced by their Thévenin equivalent circuit.

P cannot be calculated directly. If we replace R by an
open circuit and a short circuit in turn, however, we can
express P in terms of Vopen and I pore. In the usual case,
in which R is real and Z,; is imaginary (meaning that the
rest of the circuit has no resistive elements), the result is

1 [Vopen |?
= _p—.1-openl
P—Z’R‘Va”' 2.
Tihort +R

If the load is matched, then R is equal to the characteristic
impedance of the propagation mode. Vip¢, is determined
from the transverse E field with an open boundary condi-
tion (H“ = 0) and I por¢ is determined from the transverse
H field with a short boundary condition (E” = 0).

The voltage and current must be defined so that the
power flow in a forward-travelling wave is %VI* (where
I* is the complex conjugate of I) and the characteristic
impedance of the line is V/I. Suitable definitions of V' and
I can be chosen for any waveguide or TEM transmission
line (V and I are uniquely defined only in a TEM line).
For the T'Mp; mode in a circular waveguide, satisfactory
definitions are

where a is radius of the guide.

The procedure for using the method is then as follows:
(i) Calculate the resonant modes of the cavity with the
beam pipe terminated in an open and a short using a pro-
gram like URMEL. (ii) Calculate Vp., and I,5,: and
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where w and U are the calculated resonant angular fre-
quency and stored energy, respectively. (iii) Identify the
mode pairs that correspond to the same cavity mode with
the opposite boundary condition in the beam tube. The
coupling to the beam tube for that cavity mode is then

cht = QV + Ql . (2)

Q .zt should be independent of the beam tube length £.

It should be noted that (i) a single mode of propagation
is assumed, (ii) the frequency shift due to the open or short
in the beam tube is neglected, and (iii) the energy stored
in the transmission line is not subtracted. Because of (ii)
and (iii), the method is most appropriate in the case of
weak coupling to the beam tube.

III. AN ORTHOGONALISED
CURRENT-VOLTAGE METHOD

There is one disadvantage to the current-voltage method
as outlined above: the calculated Q.. is influenced by the
fields of other non-propagating or propagating modes. One
must therefore choose £ large enough to eliminate contri-
bution from evanescent fields. This also means that the
method cannot be used if there is more than one mode
of propagation. There is a remedy for these drawbacks,
however: if the modes of propagation are orthogonal, the
contribution to the calculated @,z from the other modes
of propagation can be eliminated using orthogonality.

If the modes of propagation are orthogonal, then for each
mode j_of propagatlon, one can define transverse “unit
fields” 8 and 'H which are proportional to the transverse
fieldsin a forward -going wave; these unit fields must satisfy

/ 6:; X 7‘?;: da = é;j , {3)
A

where the integral is over the cross-section A of the trans-
mission line. Equation (3) is a necessary and sufficient
orthogonality condition. The current I; and voltage V; for
the jth mode of propagation are obtamed from the umt
fields and the E and H fields calculated by URMEL or
SUPERFISH as follows:

V,-:/Ex’ﬁ;da; I,-:/é?xﬁda.
A A
The Q.. for the jth mode of propagation is obtained from
V; and I; using (1) and (2).
For the T My, mode in a circular waveguide, a suitable

choice of unit fields gives the following expressions for the
orthogonalised V and I:

fafl(zo,.) / / A C
I = m/:x:Hd,(r,zb)Jl(z—z—"-r)rdrdd),

V =

where J,,(z) is the ordinary Bessel function of the first
kind of order m and g, is the nth zero of Jo(z).

IV. COUPLING PREDICTIONS FOR THE
CESR-B CAVITY

Q .zt calculations for TM monopole modes in the CESR-
B cavity shape with a matched beam pipe were done with
URMEL. Several different beam tube lengths were exam-
ined for “even” monopole modes (TMG-EE and TM0-EM
in URMEL lingo); only one beam tube length was used for
the “odd” monopoles (TM0-ME and TM0-MM). An even
T Mopi2-like mode near 1.5 GHz was sought, as the T Mo
has acquired a bad reputation in another single-cell cavity
shape [2].

The calculated resonant fi
TM monopoles are shown in Figure 2. There is a pair o
modes at about 1.6 GHz which remain close in frequency
for all #; they also have lower fields in the beam tube than
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..........
for these two modes are shown in Flgure 3a, along w1th
the Qg obtained with the hypothesis that they represent
a single cavity mode. There is significant deviation for
small £, but the Q.. converges to about 120 for large £.
Qv, Qr, and Q. values obtained using the orthogonalised
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Figure 2. Dependence of the calculated resonant frequen-
cies of even modes on £. The first two cutoff frequencies
for T M, propagation are indicated by solid lines. The two
modes at 500 MHz are the cavity fundamental.
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Figure 3. Dependence of the calculated Qv, Qy, and Q.z;
of the 1.6 GHz modes on beam tube length (a) without and
(b) with orthogonalisation. For (b), the values are based
on TMy; propagation.

method are shown in Figure 3b. The Q.. predicted with
the orthogonalised method is almost constant even down
to £ =0.

The other modes were not paired up, so their Q. can-
not be predicted exactly, but it can be estimated from Qv
and Q;. Values of Qv and Q; calculated using the or-
thogonalised method with £ = 20 cm are listed in Table 1.
From (2), we expect Q. < 124 for all of the modes listed.

Methods for calculating the shunt impedance Z, of these
modes are still under study. The evidence suggests that
Zs/@ ~ 0.1 Q for the 1.6 GHz mode. The Z,/Q of modes
with lower @’s may not be calculable with URMEL, be-
cause their resonant frequencies and field patterns are sig-
nificantly affected by the boundary condition in the beam
tube.

Table 1. Q; and Qv predicted with the orthogonalised
method for £ = 20 cm. Modes above T'Mp; cutoff and
below T Moy cutoff are listed.

| TMO-EE Modes |[ TMO0-EM Modes ]

Frequenc Frequenc
MEg . | Q|| [mua | Qv
973.9 | 26 1005.8 22
1059.7 | 11 1170.3 7
1326.8 6 1494.9 8
1574.6 70 1589.0 54
1681.5 9 1824.8 11
1944.3 15 2018.2 35
2049.2 ] 61 2090.5 25

2182.0 | 16
[ TMO-ME Modes [ TMO0-MM Modes |

Frequenc Frequenc
g | || ) | @v
972.3 27 1008.4 18
1066.9 11 1165.8 8
1289.7 8 1407.8 10
1527.8 9 1677.0 8
1833.4 11 1925.0 24
1995.3 16 2135.8 10

V. CONCLUDING REMARKS

A trapped monopole mode was found in the CESR-B
cavity. Since its Q is predicted to be 120, we expect that
it will not engender beam instabilities. The Q’s predicted
by the current-voltage method are of the same order as
the Q’s measured on the copper model and predicted by
SEAFISH, which suggests that the ferrite layer is close to
a matched load.
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