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This is the first progress report subiifittcd under my current grant, lt covers progress made since
the submission of the proposal, and therefore includes work carried out in completion of DOE
contract AS03-89ER40527 as well as research carried out under the current grant. During this
period I have continued to spend approximately one half of my time at SLAC and most of the
projects reported here were carried out in collaboration with individuals and groups at SLAC.
Except where otherwise noted, reference numbers in the text below refer to the attached list of
current contract publications. Copies of the publications, numbered in agreement with the
publication list, are included with this report.

I. Radio Frequency Pulse Compression And Power Transport

a) High Power Pulse Compression

A high power vacuum tight version of SLED-II (prototype I) is currently undergoing test
under high vacuum working up gradually towards high power. As of this writing input powers
of 14 MW have been achieved at a pulse compression factor of eleven. The system has a
window at its output end which ultimately must carry the full output power of the compressed
pulse. Approximately two weeks of seasoning is required (in which the power is increased
gradually) in order to avoid window rupture as the system is brought up to full power. Output
power observed through the output window with the 14 MW input is approximately 64 MW
(preliminary), corresponding to peak power enhancement by a factor 4.6. It is planned to use this
system as the RF source for powering the Accelerator Structure Test Area (ASTA), and it will be
needed in the very near future to test a 75 cm constant-gradient structure as discussed in ref. 11.

The prototype I version of SLED-H incorporates the original 3dB coupler described in
ref. 2 of the proposal. In order to incorporate it in a vacuum system it was disassembled for
cleaning, reassembled, and mounted in a vacuum chamber. (The coupler was made in two halves
bolted together, a procedure which made experiment based tuning possible, but not suitable for a
vacuum system without the extra vacuum chamber). A new set of offset bends, which proved to
be less satisfactory than the original ones, were used to permit a larger separation of the delay
lines. The system incorporates two 33 foot delay lines in 2.81 in diameter circular waveguide.
These were scavenged from the binary pulse compression system and are in less than pristine
condition. The vacuum tight system has been fully tested at low power and the results are
reported in ref. 10. Peak power multiplication by a factor 4.8 at 40% efficiency has been
observed. This is somewhat above 10% poorer than would be expected from resistive losses and
the inherent inefficiency of the SLED-II scheme alone, but is consistent with measured properties
of the individual components. The "canned" hybrid with the new offset bends is at least twice as
lossy as the original version. Factors to which this could be attributed are: (1) the effectiveness
of the electrical ,'ontact associated with the bolted assembly is variable, (2) assembly difficulties
associated with the vacuum chamber may have led to poor alignment, and (3) tests on the new
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offsets before assembly had shown them to be considerably lossier than the original ones. The
high power test configuration described in the first paragraph contains additional power
transport components, which may explain the somewhat lower peak power enhancement
observed there.

b) Component Development

Mode transducers

The mode transducer used in the assembly described above to convert the TEl0
rectangular waveguide mode to the circular TE01 mode was of the "flower petal" type. Its design
was adapted from a commercially available transducer designed for KU band. A computer
analysis of the device is described in ref. 7, and theoretical comments and a description of the
experimental development is given in ref. 12. As shown there, the device has reasonable
bandwidth, excellent mode purity, and with a matching post is well matched. Measured
conversion loss is less than 0.7%, and satisfactory performance at a 150 MW power level has
been observed.

Theoretical work (with Kwok Ko) has also proceeded on the four spoke mode
transducer/combiner described in the proposal. The computer design has been sufficiently
successful to warrant giving it a name as indicated. The structure may be described as follows:
Four WR90 waveguides are symmetrically attached to the sidewall of a circular waveguide with
the narrow dimension (designated by "b") perpendicular to the cylindrical axis. The circular
waveguide is terminated at one end with a shorting plane that also provides one of the narrow
siOewalls of the four waveguides. A small short E-plane step ("b" increases) between each
WR90 guide and its junction with the circular section is introduced to provide matching.
Because of the symmetry of the configuration and giveh the circular waveguide diameter, there is
a bandwidth (which of course includes 11424 GHz) over which an incident TE01 (circular) mode
experiences no mode conversion to other propagating circular modes when the wave encounters
the junction, and if the junction is properly matched there is ne reflected TE01 wave either. The
power obviously divides equally among the four waveguides. Reversing the situation, properly
phased equal amplitude incoming waves in each of the four rectangular waveguides combine
without reflection into a pure TE01 mode in the circular guide. The matching section was .
designed by making use of the KKY method (refs. 6 and 14) to study the dependence of the S
matrix parameters of the rectangular-circular junction upon the "b" dimension of the rectangular
waveguide. We combined this information with the analytic Marcuvitz formulas for E-plane
steps to obtain dimensions for the step. The KKY method was then again used to determine the
quality of match achieved. MAFIA time domain calculations confirmed the KKY results.
Minimum VSWR in the 1.02 range was achieved. The match was imperfect due, we believe, to
the fact that adding the step makes it necessary to modify the mesh representation of the circular
section. The VSWR was less than 1.1 over a 350 MHz range and less than 1.5 over a 1.6 GHz
range.

The configuration as described above is well suited to combining the power of two
double output klystrons. It is relatively insensitive to power imbalar.ce between the klystrons.
Let d represent the fractional power deficiency of one klystron with res_r'.t to the other. Then
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the fractional power lost to other circular modes and to reflection into the rectangular guides is
given by [0.5 - ffi-d/(2-d)]. The bracketed expression may be approximated by (1/4)[d/(2-d)] 2
for d less than one half.

A pair of matched T-junctions can be used to convert the four-spoke structure into a two-
spoke structure suitable for transducing the power of a double output klystron into the TE01
circular mode, and a rectangular to circular transducer can formed by adding a third T-junction.
Preliminary work indicates that this can be done in a reasonably compact way. As compared to
the flower petal design it would have even better power handling capacity and mode purity, and
perhaps larger bandwidth (the bandwidth figures given above, which are approximately double '
those achieved by the flower petal deign, may be somewhat compromised by the frequency
dependence of the T-junction matching). On the other hand it would be somewhat less compact
and perhaps more difficult to make.

90-Degree Bends in Circular Waveguide

The high power SLED-II experimental configuration currently includes a 90-degree bend
designed and built for SLAC by General Atomics. The design makes use of corrugated
waveguide to separate the TE01 mode from the TMll mode while preserving the low loss
character of the TE01. Mode conversion is minimized by the use of large radii of curvature and
careful selection of its variation along the bend so as to take maximum advantage of the adiabatic
principle. The resultant structure is large, heavy, and expensive, but its loss is only of the order
of one percent. While we have not measured bandwidth, such a design would be expected to
have a band width much larger than needed for NLC application.

An alternate approach to the 90-degree bend problem is described in ref. 8. It is a circular
bend with a pair of ridges perpendicular to the bend plane r _d to the waveguide walls from
which they project. Dimensions are chosen so that there are only ten propagating modes
including the desired TE01, and because of the symmetry of the structure only four of the
unwanted modes are coupled to the desired mode. The ridge depth and width, the radius of
curvature of the bend, and the radius of the waveguide are selected so that the differences of the
phase changes of each pair of propagating modes around the bend is a multiple of 2 r_. The
finite element program developed by Erie Nelson was extended to allow non integral azimuthal
mode numbers. As a result the computations are r._t restricted by a small radius of curvature
approximation and are believed to be highly reliable. This method of analysis is a major
improvement over the method discussed in the proposal. A number of parameter sets which
meet the specified criterion are given in ref. 8, and one of them has a radius of curvature
somewhat under ten inches, leading to a design much more compact than the bend described in
the previous paragraph. The band width of this design is expected to be narrow, but wide enough
for NLC applications. A quantitative investigation of this point is needed. Also the extent to
which the design criterion guarantees negligible mode conversion needs further investigation.
Finally a taper matching the bend cross section to conventional circular waveguide is required.



Mode Filters

A theoretical program (in collaboration with Roger Jones) for the investigation of various
mode filter issues is in progress. Preliminary investigation suggests that the TE01 mode will
tolerate gaps considerably larger than the 1/8'th in gaps in the current design. We are trying to
determine whether a small number (one or two) of large gaps would provide adequate damping
of TM modes and azimuthally unsymmetric TE modes.

The 3dB Coupler

The original 3dB coupler design employed a waveguide diameter of 1.75 in. It happens
that the cutoff frequencies of the TE41 and TEl2 at this diameter are at 11.416 and 11.446 GHz
respectively. Experience has shown that microwave systems tend to exhibit resonance
phenomena in the vicinity of waveguide cutoff frequencies. Since the slot and offset bends
couple to these modes, the appearance of such phenomena in the vicinity of the 11.424 GHz
design frequency might not be unexpected. Such dips have indeed been observed. Their exact
position depends upon the circuit as a whole and their presence could explain some of the
performance variability discussed in connection with the high power system. We note that these
resonances are not expected to be affected by the mode filters because TE modes at cutoff have
no longitudinal current.

Accordingly the prototype II coupler has been redesigned (by Chris Nantista) for a
waveguide diameter of 1.65 in, which leaves the design frequency adequately separated from
cutoff frequencies. This redesign has the advantage that the coupler length is reduced 25 percent.
It should be mentioned that the new coupler is designed to be brazed and to be vacuum tight
without requiring a vacuum can. A single offset bend (in the "old" diameter) has been
constructed using the new fabrication technique and excellent performance has been observed. It
is thought that the new design and new fabrication method will lead to performance in which
resistive losses dominate.

(c) Design Concept of the Pulse Compression/Power Transport System

The design of the pulse compression/power transport has assumed the use of large
diameter guide for the delay lines, intermediate diameter guide for straight transport sections, and
small diameter guide for "components", a generic term which we will use for things like bends,
couplers, and the like. Tapers are obviously required to match the various pieces to one anothe:r.
While we are confident at this stage that efficient components in circular waveguide can be
constructed, such components will certainly be bulkier, more complex, and more expensive than
their counterparts in WR90 waveguide. It was clear from the beginning that it would be
possible to replace each component by its WR90 counterpart with a mode transducer on each
port. At the time the development was initiated the existing mode transducers were themselve,,;
bulky and expensive and were too inefficient to make such an alternative attractive. The flowe,r
petal development has changed the situation, however, and accordingly a 90-degree bend and a
3dB coupler are being constructed in this manner. These components may replace the
components described above in the prototype-II high power SLED-II configuration.



II. Computational Methods For The Computer Analysis Of Microwave Components

A substantial amount of effort has been devoted to the implementation of the KKY
method described in the proposal and in ref. 6. The symmetric 2-port case has been discussed in
the proposal so that we will emphasize the asymmetric 2-port case here. For both cases the
procedure is based upon MAFIA frequency domain runs with the output ports shorted at various
guide lengths. The data which one takes from each run consists of the frequencies of each mode,
the magnetic field at the two terminations for each mode, and the shorting lengths. (We omit
discussion of variations of this procedure to simplify the discussion.) In the symmetric case a
single run is sufficient so long as the lengths are chosen unequal. One obtains the S matrix
parameters at the frequency of each mode which occurs within the bandwidth of single mode
propagation. For the asymmetric case we have required four runs. For the first non-trivial
application to an asymmetric case we used an H-plane step in rectangular waveguide. Because
we used a centered step we were able to cover the frequency range between the TEl0 and TE30
cutoff frequencies. To determine the S matrix at a particular frequency in the asymmetric case
one requires two non-trivially distinct pair of shorting lengths which produce a mode at that
frequency. We fixed our attention on eight modes (to be referred to as "primary" modes) of one
of the runs which were bracketed by modes of the other three, and used interpolation from the
properties of the other three to determine the lengths which would yield the frequencies of the
primary set and the associated magnetic field strengths. We compared the results with MAFIA
time domain runs at the same frequencies and using the same mesh. The agreement between the
two methods was excellent, thus lending credibility to both. Reference (14) presents these
results in part. (Only four of the eight points computed are shown there due to the space
limitations of the conference proceedings format.) It also compares the results with those
obtained by a mode matching method (believed to be the most reliable of the methods for this
problem) and with the HFSS finite element program. The latter showed the largest discrepancy
from the other methods (even larger in the omitted points) and accordingly is thought to be
somewhat less reliable. The reflecting iris calculation was also repeated with the mode matching
method and found to be in good agreement with KKY and also experiment. As mentioned
above, the KKY method was used to design the four spoke mode transdue, er (perhaps its most
challenging application) and the final configuration was evaluated with both the KKY method
and the MAFIA time domain method. The agreement was again excellent.

An opportunity to test the KKY resonance determination method arose in connection
with the persistent wake work to be reported in the next section and will be discussed there.

III. Persistent Wakefields Associated With Waveguide Damping of Higher Order Modes

We report here on our analytic investigation of waveguide damping as descalbed in the
proposal and the results of numerical investigations which evolved from it.

The analytic investigation was carried out for the dielectric cavity model described in tile
proposal and also in ref. 9. While the analytic formula for the wakefield associated with a
particular waveguide mode can be expressed in many different ways, we find it particularly
useful to express it as a sum over damped modes with the real part of the resonant frequency
above the cutoff of the damping waveguides and an integral over a branch cut proceeding



vertically towards infinity in the negative imaginary direction and beginning from the cutoff
frequency on the real axis. (This particular representation avoids the unphysical behavior of
individual terms issue mentioned in the proposal.) The wakefield associated with the damped
modes falls off exponentially as assumed in the usual analysis, while the branch cut integral
contribution falls off as t-3/2.Thus the latter always dominates at :sufficiently long times and we
therefore refer to it as the persistent wake. The mathematical origin of the phenomenon is the
branch points associated with the expression for the wakefield in the frequency domain, while its
physical origin is the fact that the group velocity of energy deposited in the wave guide vanishes
at cutoff. Thus one expects the phenomenon to be characteristic of waveguide damping.

The position of the damped modes and their damping rates depends, of course, upon the
parameters. One can vary these parameters in such a way as to permit study of the behavior of
the wakefield as a mode undergoes the transition from being damped to being trapped. The
dominant phenomenon is the increase of the branch integral contribution, and when the mode
occurs precisely at the cutoff frequency, the power law becomes t-1/2. As soon as its frequency
falls below cutoff and it is truly trapped, it of course persists indefinitely since we are ignoring
resistive losses.

The question of practical interest is whether the persistent wake or the damped resonance
wake dominates at times of practical interest. We have investigated this question numerically by
using MAFIA in the time domain for a number of models similar in character to configurations
which have been proposed for accelerator cavities. We began from the extreme case of a pair of
waveguides crossing at right angles. Such a configuration has a single trapped mode suitable in
form for particle acceleration. It might be thought of as the ultimate in damped cavities, and
both frequency domain and time domain simulation failed to locate any exponentially damped
deflecting mode. The wakefield, which was of the persistent type, was nevertheless disastrously
large. This makes it clear that damped cavity modes are, in a practical sense, an incomplete
description of waveguide damping. A more practical model is discussed in ref. 9 and illustrated
there in Fig. 4. We were able to perform a time domain calculation over a time period sufficient
to allow for the arrival of a following bunch in NLC. "/'here we were able to identify both
damped modes and the persistent wake, and the latter dominated at the time of arrival of the
second bunch. The magnitude was marginal as far as mutibunch stability was concerned. The
appearance of the damped modes was useful in another sense as we were able to compare
damping rates obtained from the Kroll-Yu (KY) and Kroll-Lin (KL) frequency domain methods
with time domain analysis. Satisfactory agreement was obtained. One of the modes which we
analyzed was coupled to two waveguide modes and therefore required the KKY method (its first
application!). We obtained the required S matrix data from time domain calculations at four
different frequencies and then used the KY program to obtain the resonance parameters. Again
the results were in satisfactory agreement with the time domain damping rate measurements.

An important qualitative conclusion from these investigations is the following: Coupling
iris's which tend to reduce the damping rates of cavity resonances also reduce the coupling of the
persistent wake to the particle beam. It appears that for a given time interval between the
bunches of a train that there is an optimum coupling of the waveguide which minimizes the
wakefield. Furthermore, because there are scenarios for which the persistent wake gives rise to
unacceptable beam instability, it cannot be ignored, but it seems likely that such an outcome can



be avoided with proper design. We plan during the next period to work on improving
computational methods for estimating the persistent wake amplitude.

IV. Photonic Band Gap Cavities

Our progress in this area is reported in refs. 1, 2, and 16. The main effort in the past year
has been theoretical. The most important new elements are the development of a finite
difference code which allows doubly periodic boundary conditions and uses a Lanczos method
for the eigenvalue calculation. We believe the method to be much more effective than the Bloch
wave expansions which we have employed previously. So far we have used it only for the
determination of band structure, but we believe that it will also yield satisfactory results for
defect calculations. An important advantage of the method is that it also allows the computation
of the band structure of a lattice made up of ideal conductors. The band structure for the electric
polarization case has been determined and for appropriate parameter choice does exhibit band
gaps. The method is being extended to deal with the other polarization.

Another development, reported in ref. 16, is the investigation of damping rates for
solutions at frequencies in the band gaps. These results are needed for assessing the size required
for isolating a defect state from an absorbing wall and also for studying the problem of coupling
in and out of such modes. The damping rates of modes in the 10 direction of a particular square
lattice are shown in Fig. 5 (ref. 16). These damping rates may be compared at the frequency of
the defect mode shown in Fig. 4 (ref. 16) with the damp;.ng rate which the defect mode exhibits
in the same direction. One finds good agreement with the damping rate of the mode of minimum
damping rate shown in fig. 5.

The experimental program planned for the near future is described in the last paragraph of
ref. 16.

V. Other Projects

I have become involved again in the design of the PEP-II RF cavity (ref. 15), particularly
with respect to the design of the input coupler and analysis of the tuner. This has provided the
opportunity assess the practicality of the KY and KL methods for the determination of very high
Qext. It was found that despite the very small frequency differences involved in such a
determination, that the single run avoided crossing version of the KL method gave very reliable
results. A method was found for choosing the waveguide length for the MAFIA run so that a
pair of closely spaced "avoided crossing modes" appeared in the spectrum. The results were
used to design the coupler and also to predict a waveguide length which would yield a mode at
precisely the frequency of the mode as shifted by the coupler. The success of the prediction is a
test of the consistency of the results, and the field configuration generated can be used as an
initial condition for a time domain calculation carried out to assess the heat distribution

associated with the mode in the vicinity of the output coupler. I am beginning also to become
involved in the design of the damping waveguides.

I have also participated to some extent in the computational Klystron design program for
the NLC klystrons.
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