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Abstract eigenvectors that may be expressed as the gradient of an

The Cold-TesandLarg-Signal Simulion code (CTLSSIP) 569 flt. These soutons v proves prow
a design tool for vacuum electronics devices, is presented. : Y; .

. . . they remain completely decoupled from the desired solu-
The prototype tool is a three-dimensional, frequencyt—ions The discretisation process that we use is derived so
domain cold-test code that operates on a rectangular Str%%_ to.ensure that the corrl?as onding eigenvalues of the dis-
tured grid. It uses a generalisation [1] of the JaCOb'éretised roblem remain ex:fctl ze?o 9
Davidson algorithm [2] that has proven effective in solv- P y '
ing for eigenmodes in problems having sharp-edged struc-

tures with materials having large dielectric constants an@-1 ~ Structured grid cold-test model

loss tangents as high as 100%. We present the CTLSS e present implementation of CTLSS uses a structured or-
gorithm and code features that are useful for vacuum e|efhogonal grid to optimise the matrix computation, since it
tronics design. Analysis of both closed cavities and pgg the time spent computing the action of the operator on
riodic slow-wave structures are given. Tests indicate thaf fie|d vector that dominates the computation. We use the
the CTLSS algorithm can determine mode frequencies {@ethod of contour-path integration to discretise the contin-
well below 0.1% accuracy for all modes computed. A new,ym field equations in local cell-coordinates, for which it
formulation has been implemented to compute the conggresponds to the Yee formulation. This method permits
plex axial wavenumbet;., in a periodic waveguide, as the ys to use non-uniform grids in arbitrary orthogonal coordi-

eigenvalue for a specified real frequency, and test resultg;e systems to best match the geometry being modelled.
will be presented. This code is being extended to include

an unstructured mesh for the conformal representation %f_z Non-Hermitian matrices
structures using high order elements [3].

When all materials are lossless, the matrices that result

1 INTRODUCTION are Hermitian for any phase advance of a periodic system,

and therefore the eigenfrequencies are real-valued and the
CTLSS provides fully 3-dimensional eigenmode analysigigenfields are orthogonal. However, if absorbing materi-
of complex electromagnetic structures, in particular whergis exist in the computational domain, represented by com-
strongly absorbing dielectric materials are present. This rgtex values of the material constantsindy, then the ma-
quirement arises in the design of some vacuum electronigx equations are non-Hermitian. The eigenvectors are not
components and devices, and in wider fields where cogrthogonal and the eigenfrequencies are complex-valued.
trol of mode structure and attenuation in waveguides argbr the particular cases 6f or 180° phase advance, or
cavities is important. Our implementation of the Jacobiif the system is a closed cavity, the matrices are complex-
Davidson algorithm for determining the eigenfrequenciesymmetric. However, if arbitrary phase-advance boundary
underlies the ability to handle lossy systems, and prevgonditions are specified, then the matrices have no explicit
ous tests [1, 4] have indicated that material losses as |ar§ﬁnmetry_ In any case, methods of solution that can handle
astan 6=1 are permissible. We summarise here the alggron-Hermitian systems are necessary. We have adapted the
rithms used by CTLSS, and describe recent developmenticobi-Davidson algorithm to solve for the eigenfrequency

solutions of problems of this type.

2 ELECTROMAGNETIC MODEL

We use the following field eigenvalue equation, derived di- 3 JACOBI-DAVIDSON ALGORITHM

rectly from Maxwell's equations for oscillatory fields, In outline, the Jacobi-Davidson method is an iterative sub-
space method, in which the large matrix problem to be
solved is projected onto smaller subspaces to obtain esti-
. . . . . mated eigensolutions at each iteration. The subspaces are
The solutions of this equation includes infinitely- . .

. . S d(tended by applying an orthogonal correction procedure
degenerate, zero-frequency solutions having electric fie . . . :
0 selected eigensolution estimates. The correction vectors

*Work supported by the Office of Naval Research are used textendthe subspaces, to promote an improved

{curl p teurl — w? e} E,=0 (2)
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Figure 1: Jacobi-Davidson algorithm Figure 2: Helix-waveguide dispersion and coupling

impedance data, compared with experimental data and with

. . . _ . , calculations using the ARGUS code
solution estimate at the next iteration. Typically, this pro-

cedure is restarted after some fixed number of iterations
to limit the maximum subspace size that must be storeghethod [5]. The correction vectors then replace the un-
After a number of iterations, the subspace is contracted {ganted Ritz vectors in the subspaces, and the procedure is
include only a few of the solution estimates that lie closrepeated until convergence is obtained.
est to the desired eigensolutions, and the process of sub+or systems that are not Hermitian, the left and right
space expansion recommences. In place of this approagfyenvectors corresponding to an eigenvalue will in general
we employ a strategy in which eigenvectors associated Witfbt be equal, and separate subspaces should in principle be
the eigenvalue estimates furthest from a target eigenvaliaintained and updated. For complex-symmetric matrices,
are removed from the subspaces at each iteration and tRe left-hand subspace may be taken as the complex conju-
placed with the update vectors derived from the closest egate of the right-hand subspace, and the symmetry is main-
timates. This maximises the retention of information in théined throughout the calculation to reduce the associated
subspace that can contribute to the convergence of the gdemory requirement. For fully non-symmetric matrices, it
gorithm. is still possible for this type of problem to use a single sub-
We may choose a target frequency in the centre of ogpace, but it is necessary to use a non-symmetric iterative
frequency band of interest, and are therefore not limited tolver for the linear system. The transpose-free variant of
finding the lowest frequency eigensolutions. This enablehe QMR routine (TFQMR) was found to be ideal for this
us to exclude all of the zero-frequency eigensolutions fropurpose.
the computation, and also to find just a few selected solu- Figure 2 shows the results of a calculation modelling a
tions from within a complex spectrum. single period of a helix-waveguide structure in which a he-
Figure 1 summarises the iterative procedure impldical wire is supported by dielectric vanes inside a cylindri-
mented by the Jacobi-Davidson algorithm. The large eigemal waveguide to create a slow-wave structure. The calcu-
problem is projected onto a pair of subspaces (represent@dion using CTLSS of the dispersion of the phase velocity,
by small sets of orthogonal vectors), and the resulting res/k., of this system is shown in comparison with experi-
duced eigenproblem is solved for eigenvalue and eigemental values, provided by Northrop-Grumman, and with a
vector estimates. The Ritz vectors are these vectors prsimilar calculation using the ARGUS code. The second set
jected back into the full solution space, and the residualf curves shows the coupling impedance parameter derived
error vectors characterise the deviation of the Ritz vectoffom the lowest frequency eigenfield solution.
from true solutions of the full eigenproblem. The vector
subspace corrections are derived from the residuals assgr pRIVEN FREQUENCY ALGORITHM
ciated with solutions closest to a target frequency, using
an orthogonal correction step [2]. This step requires an apn alternative formulation has been implemented to deter-
proximate solution of a linear system of equations, and mayine the eigenmodes of a waveguide. Instead of finding the
be implemented as a few iterations of an iterative proceigenfrequencies for known values/of, it is useful when
dure, for which we use the quasi-minimal residual (QMR)osses are present to find instead the complex vatuéd)
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at given real frequencies. 0.1
In this method, we excite the waveguide with a trial ~ 0.08
source current/(w, k,) o exp(ik.z) representing the 0.06 -
charged particle beam with a fixed interaction frequencyy 0.04 -
and spatial variation. We can solve directly for the elec-5 ¢, -
tric field distribution in the waveguide by discretising the 2 0
equation N 0024 180
{curl p~tcurl — w? e} E=iwl (2) -0.04 -
and using QMR to solve for the fiell. From this solution, -0.067
we define an impedance function in terms of the fields, fol -0.08 1
total beam curreni, -0.1
1 - Phase advance (deg.)
Z(w, k) = I—Z/dm J - E 3 120
. . M odes 3 and 4
This function has a pole whefy approaches the resonance B 1201
eigenvaluek?, according to S 110 M ode
)
N . 5 ,
z z = 90 i
A search ovel, for the roots ofZ—! therefore provides
the eigenwavevector solution. In addition, the coupling ‘ ‘ ‘ ‘ ‘
. ) . 0 30 60 90 120 150 180
impedance may be derived from the value\afwhile the
Phase advance (deg.)

value of the constanf’ characterises the coupling to the
space-charge field. These parameters may be determined
by evaluatingZ close to the resonance, and passed to kigure 3: Correspondence between the eigenmode dis-
large-signal code for a full non-linear analysis of the parpersion solution and the poles of the driven frequency
ticle/wave interaction. This method offers an alternativénpedance function for a coupled-cavity waveguide
means of solving the eigenwave problem that could offer a
speed advantage over the standard matrix eigenmode anal-
ysis for this type of problem. 6 CONCLUSION

Figure 3 shows the functiod ' evaluated for a range The CTLSS code has been demonstrated as a useful design
of phase-advance angles across each peflied,k. L. It tool in the simulation of complex electromagnetic struc-

is clear that the function is smoothly varying, and theretures for applications in particle beam devices.
fore amenable to automated root-finding. The lower graph

shows dispersion data(k,) calculated using the Jacobi- 7 REFERENCES
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of a complex 3-dimensional device. This application of the
CTLSS code is presently being tested.
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