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Abstract

High Power waveguide components at C-band (5712
MHz) frequencies have been developed for a main linac
of e+e- linear collider range of 300-500 GeV C.M. energy.
350 MW of maximum rf power has to be transmitted
through the waveguide components.  An EIA-WR187
(W: 44.55 mm, H: 22.15 mm and t: 4 mm) type sized
conventional rectangular waveguide was chosen to reduce
transmission loss to about the same order of magnitude as
with existing S-band waveguide.  The thickness of the
wave guide was fixed to make for easy machining, and
assembling for the brazing process.

A vacuum waveguide flange of unisex type with a
simple shape was successfully developed.  A Beth-hole
type coaxial coupler, E- and H-corner, directional cou-
pler, vacuum pumping port, 3-stub tuner, viewing port
and phase shifter were successfully developed all with
input VSWRs of less than the 1:1.1.

1  INTRODUCTION

For an e+e- linear collider with a center of mass energy of
300 to 500 GeV, the main linac will use some 2040 rf
acceleration units [1].  Each unit is comprised of two 50
MW klystrons, two modulator power supplies, one rf
compression system of a new design, the waveguide sys-
tem, four choke-mode type damped accelerating struc-
tures and their supporting girder.  The total component
count is extremely large and no laboratories have any
experience yet in the operation of so many accelerator
devices.  Thus, it is very clear that the preeminent consid-
erations are to make the system simple, highly reliable, of
higher efficiency and lower cost.

In the C-band main linac, a maximum rf power of
350 MW has to be transmitted through the waveguide
system to drive the accelerating structures with 32 MV/m.
The high voltage break-down is dominated by the total rf
voltage between metallic surfaces in the waveguide.  The
waveguide impedance at C-band takes on similar values
at S-band.  Therefore, the gap voltages in C-band
waveguide need not take higher value than the S-band.
According to some experience at S-band frequency,
power levels of 350 MW should not cause any difficulty
for stable operation.  At the C-band frequency of 5712
MHz, there are two choices for waveguide size: one is
EIA-WR187 (3.93-5.85 GHz), the other is EIA-WR159
(4.9-7.05 GHz).  EIA-WR187 which has an inner cross
section of 44.55 mm wide and 22.15 mm high was chosen
over the larger waveguide because it can have an rf power
transmission loss close to that of existing S-band
waveguide.  The theoretical rf transmission losses in rec-
tangular waveguides of EIA-WR187 (at 5.712 GHz) and

EIA-WR284 (at 3 GHz, 72.1 ́ 34.0 mm) are –0.032 dB
and –0.021 dB, respectively.  Fortunately the C-band
main linac can use conventional rectangular type
waveguide pipe.  Further, the C-band high power rf sys-
tem does not require any special components.  Thus, it
should be producible at the same reliability and cost as S-
band.

However, there is no standard for C-band high power
waveguide components, especially as high a peak rf
power as 350 MW in vacuum.  Thus, many components
will have to be developed, but most of the design work
will be straightforward without any particular limitations.
Figure 1 shows a photograph of the directional coupler.

Figure 1:  Photograph of a directional coupler for C-band
frequencies.

This paper will describe the design concept and per-
formances of wave guide components.

2  WAVEGUIDE COMPONENTS

2.1  Rectangular waveguide pipe

The raw materials of the waveguide use high quality
OFHC (Oxide-Free High Conductivity) copper with a
purity of > 99.96%, because one of the main reasons for
rf breakdown is poor quality inner surfaces – insufficient
purity of the raw copper material and it cleanness.  Table
1 lists the chemical compositions of the copper material.

The rectangular waveguide is made by a cyclic extru-
sion process the first step to make a thick circular pipe
from a copper bar, which is then gradually formed to
shape by 7 more cycles of the pulling processes.

Table 1:  Chemical compositions of copper.  (%)
Pb Zn Bi Cd Hg

<0.005 <0.0001 <0.001 <0.0001 <0.0001
O2 P S Se Te

<0.001 <0.0003 <0.01 <0.001 0.001
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A 3 m length was chosen as the unit length of the
waveguide so that dimensional accuracy could be main-
tained.  Also a 4 mm waveguide thickness was chosen to
allow using a common jig to join each element in the
brazing process.  Typically a dimensional accuracy of
<±0.1 mm and a surface roughness in the range of ~0.13-
0.23 mm (rms.) at the center cross section of the
waveguide is obtained.  From the results of some experi-
ments at S-band, it is clear that there will be no problem
in actual operations at high peak rf power.

2.2  Waveguide vacuum flange

In this work, one of the important goals was to make a
standardized waveguide vacuum flange.  This important
component has to serve in two roles as both an rf seal and
a vacuum seal.  Further, the most commonly occurring
problems such as discharge breakdown and vacuum leak
often happen near the flange gasket.  A new type unisex
waveguide flange has been developed to increase reli-
ability and reduce cost; it comes from a modified DESY
type S-band flange as shown in figure 2 [3].  As can be
seen in the figure, the gasket edge has a simple shape for
easy machining and the optimum compression forces
produces zero gap at the outside of the flange.  The loss in
flatness between the flange and gasket along the inside
wall is within 50 mm when there is zero gap in the outer
wall between the flanges.

Figure 2:  Unisex type waveguide vacuum flange.  An ex-
panded view of part of the gasket edge.

2.3  RF Window

The lifetimes of existing high peak power klystrons are
typically at most around 4́104 hours on average; failures
are caused mostly by broken rf window ceramics and
insulation breakdown of the electron guns.  In the C-band
linear collider, more than 4000 klystrons will be used for
the two main linacs.  Thus, klystron replacement work
has to be done without interrupting accelerator operation.
It should be also noted that the aging process of an accel-
erating structure takes roughly one day, once the vacuum
is broken.  In order not to compromise the operational
efficiency, a need arises for rf-windows that allow re-
placing klystrons without opening the accelerator vacuum
system.

2.3.1  Ceramic material

There are three important technologies to make robust
alumina ceramic for the high peak power rf windows: (1)

use high quality alumina powder which has a fine grain
size of <0.8 mm with 99.99% of purity, (2) eliminate the
voids inside the ceramic even those whose sizes are on
the order of a few micro-meters, and (3) use low rf loss
sintering binder materials.  Micro-voids between the ce-
ramic grain boundaries and large amounts of Magnesium
(Mg) are the main reasons for the discharge breakdown
problem in high peak power rf windows [3].  For our
work, a Hot-Isostatic-Pressing process was used to elimi-
nate the micro-voids resulting in a reduction from 3.8% to
less than the 0.5% by volume weight.  The Mg in the
sintering binder was successfully reduced to 0.06% by
volume weight.

2.3.2  Structure of the window

A pill-box shaped traveling-wave rf window was de-
signed for the 50 MW C-band klystron; it will be used for
the two rf windows connected at each output port.  The
window has a diameter of 57 mm, length of 72.85 mm
and a 3.85 mm thick ceramic disk.  The design was made
to have no TE22 or TE51 resonance modes at 5.712 GHz.
For this design, the most important considerations were in
reducing the electrical field strength at the window ce-
ramic disk by choosing a traveling-wave structure, and
the use of very high quality ceramic disks.  Figure 3
shows the electrical field distributions in steady state and
the frequency response of the rf window.

Figure 3:  Electrical field strength.  Two thick solid lines
shows the electrical field strength along the axis.

As can be seen in the figure, the envelopes of the
electrical field strength are reduced just at the ceramic
disk.  The frequency bandwidth where the reflection coef-
ficient is 0.1 or less is 500 MHz as shown in figure 4.
These characteristics will be good enough for the 50 MW
klystron.  Thus from the R&D results at S-band fre-
quency, it will be good enough to apply 50 MW of peak
rf power at C-band.
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Figure 4:  Frequency bandwidth of traveling-wave type pill-
box window.

2.4  Traveling wave resonator

The design and fabrication of a Traveling Wave Resona-
tor (TWR) is very useful in developing the key technolo-
gies for unknown, variable frequencies, because it is
composed of several necessary high power waveguide
components such as a directional coupler, a phase-shifter,
a stub tuner, a pair of the Beth-hole couplers, two vacuum
pumping ports, two viewing ports, E- and H-corners.  The
parameters of our TWR are shown in Table 2.

Table 2:  C-band TWR parameters
Physical size 166 cm ́  75 cm
Resonant loop length ~300 cm
Number of wavelengths 48 at 5.712 GHz
Input coupler ratio -12 dB
RF power gain 12.3 dB
One-way loss in loop 0.11 dB
Variable phase shifter range ±180° at 5.712 GHz
5 elements stub tuner range G < 0.13 at any phase

This TWR was designed with no specific upper peak
rf power handling capability, but it had to be operational
at a minimum peak rf power of 150 MW.  To guarantee
the performance of the rf window in the TWR, the win-
dow has to operate even with an overload condition of
three times higher than the actual operational output
power from klystron.  For the moment, 5 MW of rf power
will be fed to the TWR from a 5 MW klystron that was
received from SLAC.  In this case, the rf window of the
C-band klystron will test the rf power up to 85 MW, that
will be good enough to check the performances of the rf
windows for the 50 MW klystron.

In general, the upper limit of rf power handling capa-
bility of the TWR would be set by breakdown in one of
the tunable components such as the phase-shifter, or the 5
elements of the sub-tuner or the gasket of the vacuum
flange [4].  Most TWRs use a variable phase-shifter con-
sisting of a pair of movable multistage choke short plung-
ers with a 3 dB hybrid coupler which usually has rectan-

gular cross section.  Thus, the movable choke short
plungers have to be aligned to the same gaps with less
than a 1 mm error on both horizontal and vertical over the
full stroke, that is very hard work even at the S-band fre-
quency.  Therefore, it was decided to try to use a circular
waveguide (TE11 mode) for the pair of movable shorting
plungers as shown in figure 5.

Using circular waveguide will reduce the difficulties
in fabrication as well as increase the breakdown limit.
The phase shifter has 360° of tuning range with an input
VSWR within the 1:1.1.  The rf pickup monitor used is
based on the Beth-hole type directional coupler with a
demountable structure.  The vacuum seal between
waveguide and coupler head used a ceramic disk (t: 1.5
mm and f: 24 mm) with a metal o-ring gasket, it does not
require any brazing process.  The other components have
already been done by this time.  High power operation of
the TWR will be started beginning in June 1997.

Figure 5:  A photograph of the circular movable shorting
plungers.

3  CONCLUSIONS

C-band high power waveguide components were success-
fully developed with a very conventional rectangular
waveguide which further does not require any special
structure.  It was confirmed that the unisex waveguide
vacuum flange is very useful to make the system simple
as well as to reduce the cost.  Thus, the total system cost
would be reduced as compared with an existing S-band
frequency accelerator with same reliability criterion.
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