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1 One-dimensional pulse propagation

To introduce Aether techniques and setup procedures, we shall start wifPulse mode calcula-
tions in the simplest possible geometry { plane electromagtic pulses with in nite transverse
extent. We can make comparisons to theory to get sense of thede's numerical accuracy.
Despite their relative simplicity, the examples illustrae several features dPulse mode simula-
tions:

De ning pulse shapes from tables, mathematical express®mand standard functions.
Interpreting tables as singular or periodic functions.

Specifying absorbing boundaries and drive currents.

Using symmetry boundaries.

De ning continuous spatial variations of material propertes.

1.1 Setting up the mesh

The geometry for all examples is de ned by the leonedim.min. The system extends from
Zmin = 1000 cm to znax = 100:0 cm along the direction of pulse propagation. The element
lengthis z =0:5cm. Symmetry boundaries along andy are used to represent in nite space.
The condition means that values oH on the boundaries are equal to those on adjacent internal
nodes. Therefore, there should be at least one internal nogtethe x-y plane. the transverse
dimensions are set to 5:0 cm inx and y with element size x = y =2:5cm to create good
plots in Aerial .
The solution volume includes ve regions:

The propagation volume is divided into two main parts so we ceassign di erent physical
properties. RegionMediuml initially covers the spanz= 1000 cmtoz =0:0 cm. The
lower part of this region is over-written by regionsAbsorb1 and Source

RegionMedium2 extends fromz = 0:0 cm toz = 100 cm. The upper part is over-written
by region Absorb2

Absorbl and Absorb?2 are absorbing layers of thickness z = 0:5 cm at the ends of the
solution volume.

RegionSource is slab of thickness z = 0:5 cm with the properties ofMedium1 adjacent
to Absorbl The slab carries a uniform current density, to excite the pulse.

In summary, the order regions along the direction of propagian is Absorbl Source Mediuml,
Medium2 and Absorb2

A nal geometry topic is the motivation for picking the elemeit size alongz. The pulse
has temporal width 0.66 ns. In vacuum, the spatial width is afut 20 cm. Therefore, the
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Table 1: Contents of the le onedimO1l1.ain

* ——— CONTROL ----
Mode = Pulse
Mesh = OneDim

DUnit = 100.0
TMax = 15.0E-9
Dt = 0.010E-9

SymBound XDn

SymBound XUp

SymBound YDn

SymBound YUp

* -——- CURRENT SOURCES ----
SMod(1) = gaussnorm.mod 0.40E-9 1.0
* -——- REGION PROPERTIES ----

Epsi(1) = 1.0
Mu(l) = 1.0
Epsi(2) = 1.0
Mu(2) = 1.0
Epsi(3) = 1.0
Mu@3) = 1.0
Jy(3,1) = 10.0

AbsLayer(4) 0.5
AbsLayer(5) 0.5

* ---- DIAGNOSTICS ----
History = 0.0 0.0 -75.0
History = 0.0 0.0 75.0
EndFile

element width  z = 0:5 cm gives about 40 elements over the pulse. This number is sient
for good resolution and moderate numerical dispersion. Tolfow the example, uséMetaMesh
to process the script, creating the mesh l@nedim.mdf.

1.2 Propagation in vacuum

The rst calculation addresses pulse propagation in a unifon vacuum volume. Tablel lists

the contents of the control scriptonedimOl.ain. In the Control section, theMode command

speci es a time-domain solution. The program obtains the genetry from onedim.mdf, where

coordinates are given in units of centimeters. The simulath time t,.x equals the 2.25 times
the electromagnetic transit time along the system. The speed time step t=1:0 10 °is

about 40% below the Courant time step limit. TheSymBound commands state that there is
no variation of H normal to the upper and lower boundaries ix andy.

In the Sourcesection, theSMod command de nes a modulation functiorm(t) as a Gaussian
pulse using a table of values in the legaussnorm.mod Figure 1, a plot of the data points,
illustrates a good table well suited to cubic spline interdations. The points de ne a smooth
curve with continuous values and rst derivative. In the de&ult Single mode, the modulation
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Figure 1: Data points in the le gaussnorm.mod

function is interpreted to have value 0.0 at timeg > 6:0 s. When loaded into the program,
time values are multiplied by 04 10 °, giving a pulse with peak at 1.2 ns and full width
(at half maximum) of 0.66 ns. The regiondMedium1(1), Medium2(2) and Sourcg3) have
the properties of vacuum (, = 1:0; , = 1:0). The region Source carries a uniform current
densityj, =10:0 m(t) A/m 2. In response to theAbsLayer command,Aether calculates the
conductivity required for a perfect absorber of thickness.® cm. Finally, in the commands of
the Diagnostics section place monitors 1.5 m apartat = 75 cm.

The Aether run creates two probe les. LoadingonedimO1.p01 (at z = 75 cm) into
the Probe program and changing the plot quantity toH, gives the plot of Fig.2. To nd
the theoretical peak value ofH,, we multiply the peak source current density by the layer
thickness to nd a peak linear current densityJ, = 0:05 A/m. The current is shared equal
between the upstream absorber and the propagation volume the expected of magnetic eld
is Hy = 0:02500 A/m. The code results ilH, = 0:2495 A/m. Changing the plot quantity to
Ey, Probe shows a peak value of -9.401 V/m. The theoretical pretion is 3773 Hy = 9:433
V/m. A comparison of signals in the two probe les shows a time @lay of 5.000 ns, close to
the predicted electromagnetic transit time of 5.004 ns ovéhe 1.5 m distance. Note that small
late-time feature in the trace of Fig.2 caused by re ection from the downstream absorbing
boundary. The re ected power is only 0.01% of the incident peer.

The following alternate forms of the SMod command will givedentical results:

SMod(1) = gaussian 1.2E-9 0.66E-9
SMod(1) > exp(-0.69315*(($t-1.2E-9)/0.33E-9)"2)

This form gives a periodic train of Gaussian pulses with a sation of 2.4 ns:

SMod(1) = gaussnorm.mod periodic 0.40E-9 1.0
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Figure 2: Plot of H,(t) at z= 750 cm created byProbe .

1.3 Re ection from a dielectric boundary

This next calculation models pulse re ection from a dielecic boundary. The geometry is
the same as the previous calculation. The dierence is that aelative dielectric constant
epsilon, = 5:0 is assigned tdMledium2 In comparison to the le onedimOl.ain in Table 1, the
le onedim02.ain includes the following lines:

Epsi(2) = 5.0
AbsLayer(5) 0.5 5.0 1.0

The additional parameters in theAbsLayer command for regionAbsorb2 signal that Aether
should match the impedance of the adjacent material. The vaam region has characteristic
impedance ; = 377:3 while Medium2 has ; = 168:7 . Inspection of the listing le shows
that Aether has assigned the conductivity =1=, z=1:186 S/m.

Figure 3 is a plot of E4(t) for a probe in the vacuum region az = 750 cm. As expected,
the incident and re ected peaks are separated by an intervalff 5.0 ns. If the incident pulse has
peak electric- eld amplitude E, then the prediction for the re ected pulse amplitude is

E,=Eo >—1= 0382 (1)
2t 1
The code result isE,=E; = 0:383. Again, the e ectiveness of upstream and downstream

boundaries in absorbing the re ected and transmitted pulseis evident in the long-term plot.



Figure 3: Incident and re ected pulses -75 cm upstream from @ielectric boundary between
vacuum and a medium with , = 5:0.

1.4 Propagation into a graded dielectric

The nal example is a one-dimensional calculation that wodl be di cult to approach with
analytic methods. A pulse is incident on a graded dielectricThe relative dielectric constant
changes smoothly from, = 1:0to , =5:0 over the length ofMedium2 The le onedim03.ain
contains one line that di ers from the previous example squi:

Epsi(2) > 1.0 + 2.0%1.0 - COS(0.031416*$z))

The line illustrates the use of an algebraic expression tosign a spatial variation of material
properties over a region. The top plot in Fig4 shows a slice plot of,(z; x) created in Aerial .
The middle plots showH,(z; x) at timest = 4:0 ns and 7.0 ns. Notice how the spatial length
of the pulse shortens in the dielectric medium. The lower paof Fig. 4 plots Hy(t) at the
probe position in the vacuum regionZ = 750 cm). Compared to the previous example, the
re ected pulse has reduced amplitude but an increased exten time.
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Figure 5: Geometry for the TLINE50 example, detail of the sowe end of the transmission line,
view in the planey = 0:0 cm.

2 Driving coaxial transmission lines

Coaxial transmission lines are often used to drive antennasid other microwave devices. The
examples covered in this chapter show how to generate TEM ek and waves in a 50 coaxial
cable. They also, give an opportunity to review some transssion line theory and check validity
and accuracy of the code. The following section addressasé¢rdomain pulsed solutions, while
Sect. ssect:coaxrf concentrates on wave propagation.

The le TLINE50.MINde nes the geometry for both calculations. The mesh repreds a
10 cm length of cable with outer radiug, = 0:406 cm and inner radiug; = 0:130 cm. The
element length in thex-y plane is 0.02 cm. The element length along is 0.1 cm except for
the absorbing layers which have thickness 0.02 cm. The matton for the choice is that the
performance of absorbers improves with decreasing thiclase The is no penalty in the run time
because the Courant time step is based on the minimum elematitnension in any direction.
The following forms of theXMesh and YMesh structures ensure that elements have boundaries
close to those of the solution-volume regions:

XMesh
-0.426 -0.406 N 1
-0.406 -0.130 N 14
-0.130 0.130 N 13
0.130 0.406 N 14
0.406 0426 N 1
End

The mesh construction strategy has three steps:

1. Fill the entire solution volume with the outer conductor egion.
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2. Carve out cylindrical regions to represent the line medm and the absorbers at the two
ends.

3. Add the center-conductor region.

Aether is an element-based code and does not use region-numberrmfttion at nodes. In
contrast to HiPhi , it is not necessary to worry about the order of dielectric ahmetal regions
in the mesh le or to use theCoat command.

2.1 Pulse mode solution

The dielectric medium of the cable is polyethylene with, = 1:871 and = 0:0. The impedance
of the medium is =275:4 . The line has a characteristic impedance
r'o . .
Zo = 5 In oT 49:92 (2)

Using the setup of Fig.5, the goal is to generate a square pulse that traverses thedirand
terminates at the downstream absorber.

We shall consider some features of the scriptINESOPULSE.AIN he single transit time for
a pulse in the line is about 0.46 ns, so we choose a maximum daion time of 1.00 ns to check
for re ections. For easy comparisons, we shall launch a pelsvith a peak current amplitude
of 1.0 A. Because half the drive current is lost as back ow in #hupstream absorber, the peak
current should bel = 2:0 A. The absorber layer has thickness z = 0:0002 m. The current
density should ow in the radial direction with amplitude

= - 15920
W= o2~

The following statements the spatial variation of current @nsity in the source region:

(A=md): 3)

Ix(4,1) > 1592.0%$x/($x"2 + $y"2)
Jy(4,1) > 1592.0*$y/($x"2 + $y"2)

An alternate form is

Jr(4,1) > 1592.0/$r

The statement

SMod(1) = Square 0.05E-9 0.45E-9 0.10E-9

sets the time variation of Source 1. The rounded square pulstarts at 0.05 ns and ends at
0.45 ns, with rise and fall times of 0.10 ns. Finally, note thahe AbsLayer and Metal region
statements use the long form to show the layers are adjacemt & non-vacuum medium.

To check numerical values, probes are placed at a radius 08@.cm (x = 0:30 cm,y = 0:00
cm) at axial positionsz = 4:95 cm (source layer)z = 0:00 cm (line midpoint) andz = 4:95
cm (line end). An inspection of thej, signal in rst probe shows a peak source-layer current
density of 1070 1C° A/m 2, consistent with Eq. 3. The predicted azimuthal magnetic eld of
the pulse is given by,

10
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Figure 6: Plot of Hy(t) at x =0:3 cm,y =0:0 cm,z =0:0 cm.

I

H ()= 5 (4)
For 1 = 1:0 A andr = 0:003 m, the value isH = 53:05 A/m, consistent with the code
prediction show in Fig.6. The gure also illustrates the e ectiveness of absorber. Ae re ected
pulse carries less than 0.01% of the incident power. Fingllt t = 0:25 ns the volume integrals
in Aether and Aerial return the valuep = 483 W for the upstream absorber. The minus
sign indicates a net addition of power to the volume. The appkimate power balance is the
following: 100 W input from the drive current, 50 W lost in theabsorber and 50 W transferred
to the downstream pulse.

2.2 RF mode solution

In the calculation controlled by TLINESORF.AINthe source current has amplitude 2.0 A and
a harmonic variation at frequencyf = 2:924 GHz. In the RF mode, the code runs to a
steady-state solution and converts the result to a phasor peesentation. There are only a few
di erences from the Pulse mode script. TheTMax statement is replaced by

Freq = 2.924E9
NPeriod = 5 2

The rst commands sets the frequency and the second deterres the run time. The integers
in the NPeriod command specify a smooth start of two RF periods followed byeady-state
excitation for three RF periods. The smooth start avoids thgeneration of high frequency noise
associated with discontinuous excitation. The steady-st&a period allows equilibration of waves
along the line. Aether temporarily records the eld values at the end of four periosland then
runs for an addition quarter period. The nal values are comared to the recorded ones to nd
the amplitude and phase of eld quantities.
There are two commands in the Diagnostics section:
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Figure 7: Variation of E(t) at position x = 0:3 cm,y = 0:0 cm, z = 0:0 cm, example
TLINES50RF

History = (0.30, 0.00, 0.00)
Probe = (0.30, 0.00, 4.95) Ex

The rst command de nes a standard monitor where recorded [l quantities can be displayed
with Probe . In response to theProbe command,Aether checks the value oE, at the end of
the system and records relative changes in the listing le.

Figure 7 shows the evolution of electric eld at the midpoint of the Ihe. The data con rm
that the solution reaches a steady state with a pure harmonexcitation at 2.924 GHz. Analysis
of the output le with Aerial shows a spatial variation of eld quantities consistent wih a
traveling wave with = 7:5 cm. In the Slice plot menu, we can create a useful display by
switching from the Amplitude mode and picking the slice plang = 0:0. All quantities appear
uniform along z in the propagation medium because an ideal traveling wave $ixonstant
amplitude. To detect small variations, set the scan quantytto H, and take a line scan along
at x = 0:3 cm. The quantity varies between 51.99 A/m and 52.49 A/m. Thisnplies a standing-
wave ratio (SWR) from which we can derive the re ection coe ¢ent from the downstream
resistor. The ratio is de ned as

JHjmax _ 1+] ]
S=— = —; 5
JHJmin 1 | ( )
or
.S 1

In this case,S = 1:010, givingj j = 4:79 10 3. For the thin absorbing layer with normal
wave incidence, the re ected power ratio is only:3 10 °.

To conclude, we can check the integral quantities recordea the listing le, show in Table 2.
The theoretical average power carried by a 1.0 A wave in a 50 ransmission line is 25 W.
The listing shows a net power 24.4146 W added in the upstreanbsorber and 24.4156 W
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Table 2: Energy integrals listed inTLINE50RF.ALS

Energy and power volume integrals
Global quantities
Electric field energy: 5.59864E-09 (J)
Magnetic field energy: 5.51347E-09 (J)
Total field energy: 1.11121E-08 (J)
Resistive power dissipation:  9.01456E-03 (W)
Region quantities
NReg ElecEnergy MagEnergy TotEnergy Power
() () () (W)

1 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
2 5.57644E-09 5.50793E-09 1.10844E-08 0.00000E+00

3 1.11743E-11 2.74154E-12 1.39159E-11 -2.41467E+01
4
5

1.10214E-11 2.80640E-12 1.38278E-11 2.41557E+01
0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00

lost in the downstream absorber. As expected, the electricahd magnetic eld energies in
the propagation volume (Region 2) are almost identical. Focomparison, the time-averaged
magnetic eld energy in a transmission line is given bW,, = LI 2=4, where the inductance for
alengthD is

l'o

L=-2In =° D: 7
5 ; (7)

Inserting values, we nd thatL =2:255 10 ®*H and U,, =5:64 10 ° J.
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3 Locating cavity resonant frequencies

A primary function of Aether is to locate the resonant frequencies of three-dimensiorsafuc-
tures. This section illustrates how to implement theRes mode. Once frequencies have been
located, you can generate the full eld pattern for the rescance using theRF mode. As in
other tutorials, we shall consider a relatively simple geoetry to make comparisons to the-
ory. Nonetheless, the examples cover all techniques and cah as templates for extensions to
complex resonators.

The computational strategy in Aether is to excite a structure with a pulse whose Fourier
transform has a well-de ned frequency spectrum and width. HAe program monitors time-
dependent elds at one or more locations. Peaks in the Fouritransform of the probe signals
correspond to resonant modes. This method has two advantagever direct searches for eigen-
frequencies:

Calculations take considerably less time and are well mateti to personal computers.

The procedure works for structures with very low values d (the quality factor). You
can locate resonances in strongly-damped cavities and omaistems.

The examples of this chapter treat a cylindrical cavity reswator with radius R = 15:0 and
length alongz of 10.0 cm. The rst calculation seeks modes of type Ty in an undamped
cavity (Q = 1 ). The elds of the modes are uniform inz and . The le CYLCAVONO.MIN
de nes a mesh with an element size of 0.5 cm. The le illustras how to represent a closed
cavity with metal walls. The solution volume extends from 155 cm to +15:5 cm in x and
y and 55 cm to +5:5 cm in z. To create the metal walls, we rst Il the entire solution
volume with elements of Region 1. Next, we carve out a cylinderith the cavity dimensions.
Elements of Region 2 have the properties of vacuum. Finallwe add a small box (Region 3)
with vacuum properties that carries an oscillating currentdensity to excite the modes. The
integrated volume of the elements of Regions 2 and 3 is 707.&°, while the theoretical
value for the cylindrical cavity is 7068.58 crh The values imply that the e ective radius of the
cavity di ers by about 0.1% from the theoretical value, givhg a sense of the accuracy limit for
determining frequency.

To achieve the best results, it is useful to have a qualitatevidea of the mode eld variations.
Modes of type TMy,o have eld componentsE, and H . The theoretical values of resonant
frequencies are given by:

_ onC,
fono = SR (8)

where the quantities o, are arguments that give zero values of the Bessel functiog:J o1 =
2:4048, o> = 5:5201, o3 =8:6537, 9s = 11:79153 and o5 = 14:93091. On the axisE, has
a maximum value andH = 0:0 A/m. To excite the modes preferentially, we locate Region
3 at position x = 0:0 cm,y = 0:0 cm andz = 0:0 cm with current density componentj,.
The magnetic eld is non-zero at the cavity wall. For preferetial detection of TMg,o modes,
we place a probe at positiorx = 14:0 cm,y = 0:0 cm andz = 0:0 cm and detect the eld
componentH,.

14



Table 3: Contents of theAether script CYLCAVONO.AIN

* .. CONTROL ----

Mode = RES
Mesh = CYLCAVONO
DUnit = 100.0

Freq = (1.5E9, 3.0E9)

Source(3) = 0.0 0.0 1.0

* ---- REGION PROPERTIES ----
Metal(1)

Vacuum(2)

Vacuum(3)

* -~ DIAGNOSTICS ----

History = 0.000 0.000 0.000
History = 14.000 0.000 0.000
Probe = 14.000 0.000 0.000 Hy

EndFile

Table 3 lists the full script for the Aether calculation. The Control command
Freq 1.5E9 3.0E9

sets a central frequency of 1.5 GHz with an excitation frequey spread of 3.0 GHz. The
excitation spectrum therefore extends approximately fron®.0 GHz to 3.0 GHz. The broad
band encompasses the TMo, TM o0 and TMg3, modes. The command

Source 3 0.0 0.0 1.0

identi es Region 3 as the source and sejs as the only non-zero component of current density.
The Diagnostics section calls for history records on the axis and at the proldecation. There
is a single probe with position and eld component to detect My,o modes.

The calculation takes about 80 seconds. In thRes mode, Aether creates a le of the
Fourier transformed signal at each probe location. For thisxample there is a single le named
CYLCAVONO.P5The transformed les are recorded in a standard format so yocan view them
with the Probe utility program. Figure 8 shows the result. Note that the axis labeledime
should be interpreted agrequency Aether also creates the following table in the listing le
CYLCAVONO.ALS

Probe Number 1 File: CylCavOn0.P51
Predicted resonance frequencies (Hz)
Number F FWidth Amplitude

1 7.619289E+08 1.739804E+07 0.5723
2 1.759157E+09 1.057429E+07 1.0081
3 2.753150E+09 1.936289E+07 0.6157
4 2.780901E+09 2.100438E+07 0.3986
5 3.074668E+09 1.385277E+07 0.1166



: RETHER File:

CylCav0n0.P51 Pos: [ 1.40E-01, 0.00E+00, 0.00E+00]

1.000E+00)

LooE-o1]

Hiey [1

[IEETTE M—

PEEEER
0.000E+00

Time (3}

i At i il il Sl it Aenntnt et At

|

[

|

|

|

[

i '
i e At i Ee it ety Eeiind et B

020

[5.000E408]

3.101E+09

Figure 8: Probe frequency spectrum for Tl mode.

Table 4. Computed frequencies of Tiyo modes.

Mode f (theo) f (code) Error
(GHz) (GHz) (Percent)
TMo10 0.76494 0.76193 -0.393
TM 020 1.75588 1.75916 +0.187
TM o030 2.75265 2.75315 +0.018

The central frequencies are computed by a peak identi catioroutine. By comparison to Fig.8,
the rst three high-amplitude peaks are the TMy,o modes, the fourth peak is glitch in the third
resonance and the fth peak is an undesired mode excited atwolevel. Table 4 shows a
comparison of the code results to theoretical values calatéd from Eq. 8.

As the next step, we can modify the calculation to nd a more aagate values for the
frequency of the TMy;po mode CYLCAVO010.ANThe le has the following frequency command:

Freq 0.80E9 0.40E9

There is a narrowed excitation width centered near the fregucy determined by the previous
calculation. In this case, the frequency listing shows a gjle peak at 0.76468 GHz, within
0.034% of the theoretical value.

To illustrate how to optimize for di erent mode types, consiler the class TM,o. These
modes are responsible for thbeam breakup instabilitya concern in accelerator physics. Char-
acterizing breakup modes is essential for the design of highrrent electron accelerator cavi-
ties. The modes havee, = 0:0 on axis with a nonzergHj. Suppose we excite the cylindrical
cavity with a source displaced from the axis along. In this case, E,(0:0;y;z) = 0:0 and
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Prog: RETHER File: CylCavin0.P51 Pos: [ 0.00E+00, 0.00E+00, 0.00E+00]
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Figure 9: Probe frequency spectrum for Tlyho modes.

E,( x;0:0;z) = E,(x;0:0;a). Accordingly, we construct a modi ed mesh where Region 3
is displaced a distance x = 7:0 cm (CYLCAV1NO.MINrhe rst calculation ( CYLCAV1INO.AJN
is a broadband search for modes. We expect higher mode freagies, so the central value is
shifted to fo = 2:0 GHz.

The theoretical values of resonant frequency are given by

_ 1C,

where the quantities ;, are arguments that give zero values of the Bessel function:J 1; =
3:832, 1, =7:016 and 13 =10:173. In this case, we locate the probe at the origin and set the
detected eld component asH,. Figure 9 shows the probe response. The results of the peak
search recorded in the listing le are given in Tablé& along with theoretical values. Again we
can narrow the excitation width to nd a more accurate frequacy value for a speci ¢ mode, in
this case TMy;09. The frequency command in the 1eCYLCAV110.All¢

Freq 1.25E9 0.25E9

The calculation yields a mode frequenci;1o = 1:2190, within 0.016% of the theoretical value.
Identifying peaks with the Resmode is only half the task. There are two outstanding issues:

How do we know that we have found the right mode?

What are spatial variations of eld quantities required to cetermine application quantities
like the transverse impedance?

Tutorial 4 explains how to use the value of resonant frequency in an RF o calculation to
nd the electric and magnetic elds of the TM;;o mode in a highQ cavity.
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Table 5: Computed frequencies of T, modes.

Mode f (theo) f (code) Error
(GHz) (GHz) (Percent)
TM 110 1.2188 1.2242 -0.443
TM 120 2.2315 2.2343 +0.125
TM 130 3.2356 3.2151 +0.634

4 Calculating elds in a high-Q resonator

This tutorial continues the resonant-mode calculation of Gtorial 3. We shall nd the electric
and magnetic elds for the TM;;0 mode in a cylindrical cavity of radiusR = 15:0 cm and length
D = 10:0 cm. The previous calculation yielded a resonant frequenéy= 1:2190 GHz. The
present calculation demonstrates how to drive a mode in a MigQ structure.

The mesh is almost identical to that of Tutorial 3. The cylindrical vacuum cavity (Region
2) is carved out of a metal block that lls solution volume (Rgion 1). The element size is 0.5
cm. The main di erence is that the mesh contains two source gens at positionsx = 7.0
cm,y = 0:0 cm. A single source would drive electric eld on only one s resulting in a slight
asymmetry of the eld pattern.

Table 6 shows the full input script for the RF mode calculation. Note lhat we use the long
form of the NPeriod command:

NPeriod 13 3 10

The rst integer parameter designates a total run timet,.x = 13 , where is the RF period

at 1.219 GHz, 0.8203 ns. The second parameter species thatettnarmonic drive current
should rise smoothly over the interval 0 t 3 . The smooth start prevent the generation
of high-frequency noise associated with discontinuitiesThe third parameter states that the
drive current should drop to zero during the interval 7t 10 . If we did not terminate
the drive current before the end of the run, the eld amplitugs would rise throughout the
run. in this case, the system would not be in a steady state ahé time of conversion to
phasor representation. The followingsource commands set the proper phases of the sources at
X = 7:0 cm to drive the TM;19 mode:

Jz(3,1) = 1.0
Jz(4,2) = 1.0
SMod(1) 0.0

SMod(2) 180.0
Figure 10 showsH,(t) at the origin over the length of the run. The signal illustraes that

the elds achieve a steady-state at a single frequency. Figull shows the variation ofjH | over
a plane normal toz along with vectors to indicate the direction of the magneticeld. -
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Table 6: Contents of theAether script TM110.AIN

* .- CONTROL ----

Mode = RF
Mesh = TM110
DUnit = 100.0

Freq 1.2190E+09
NPeriod 13 3 10
* ---- SOURCES ----

Jz(3,1) = 1.0
Jz(4,2) = 1.0
SMod(1) 0.0

SMod(2) 180.0

* ---- REGION PROPERTIES ----
Metal(1)

Vacuum(2)

Vacuum(3)

Vacuum(4)

* ---- DIAGNOSTICS ----

History = 0.000 0.000 0.000

EndFile

Smooth Smooth Coast
start Flat top snd
\

g.733E-04

04

Hy (afm) [2.000F

Time (=s) [2.000E-03]

Figure 10: TM;10 mode. Measurement oH(t) at the origin.

19
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-1.550E+01 1.550E+01

Figure 11: TM;;0 mode. Color-coded plot ofHj in the x-y plane with vectors to show the
magnetic- eld direction.

To conclude, it is important to emphasize that this examplet®ows how to excite a mode in
a high-Q resonator. Here, the exact location of the sourcesrist critical. The strategy is to
activate drive currents for a limited time and then to allow he eld to settle into an equilibrium.
Strongly-damped structures (such as the driven coaxial tre&mission line of Tutorial2) require a
di erent approach. In this case, the spatial variations of gurce current must approximate those
of the physical system. The time variation is a steady-statexcitation at a single frequency
following a smooth start.
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Quter chamber

i Center conductor

Alumina housing with water resistor

Figure 12: Three-dimensional view of the assembly. Pulsegpagates alongz (right to left).
They axis is vertical andx points out of the page. The system is periodic along thedirection.

5 Resistive load for a pulsed-power system

In this example, we shall usédether to characterize a pulsed power system, making full use
of the code's three-dimensional capabilities. The goal i® tdesign a dummy load to test a
low-impedance generator that drives a long parallel-platdansmission line. The design of
the load resistor is a rather poor one to illustrate how the @® can highlight problems. The
example highlights twoAether techniques: 1) modeling a portion of a long periodic system
using symmetry boundaries and 2) generation of pulse with sieed properties in a transmission
line.

Figure 12 shows the geometry described by the Ipulsedpower.min. The transmission line
has a long length along (out of the page). The load consists of a series of identicasistors.
The length alongx of one cellb= 8:0". The spacing between the inner and outer conductors of
the transmission line isa = 2:0". The resistive solution inside the alumina housing has déus
r =0:875" and lengthL = 4:0". Most of the assembly volume is lled with puri ed water. A
voltage pulse of magnitudd/, = 1:2 MV and risetimet, = 3:0 ns is incident from the right-hand
side.

Although only a short length (L = 6:0") of the transmission line is included in the model,
we would like the line to behave as though it extended an in mé distance beyond the right-
hand border. The technique is to include a termination layeon the boundary and to excite
the pulse with an internal current source. Re ected pulsesgss through the source and are
absorbed by the layer. Figurel3, a two-dimensional projection in the plane = 0:0", illustrates
the computational mesh and the regions of the calculation. Aelement size of 0.10" gives a
good representation of the curved surfaces. The mesh conwiabout 600,000 elements. The
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Figure 13:

outer wall, center conductor, metal cap and connecting rodr@ represented as metals in the
Aether calculation. The puri ed water and resistive solution have , = 81:0, while alumina
has ; = 7:8. We need to determine two quantities: 1) the current densitof the source layer
to produce a 1.2 MV pulse and 2) the conductivity of the resiste solution for a matched
termination. p_

The impedance of puri ed wateris = 377:3= 81 =41:922 . The characteristicimpedance
of a section of the dual-sided parallel-plate transmissidme of length bis

a

Zo = o =5:2403 (20)

For a 1.2 MV pulse, the source should supply a total current\@=Z,, where half the current
travels down the line and half is lost to the absorbing layerlnserting values, the peak total
current is 458.0 kA. Therefore, the current in the top and bottm source regions should have
peak magnitudel = 229:0 kA. The source has dimensions 0.1" by 8.0", so the cross-seat
area is 5161 10 * m?. The peak current density magnitude is thereforg¢, = 4:437 10
A/m 2. The cylindrical load has resistance

L

R = r2:

(11)

Taking R = 5.2403 and inserting the dimensions, we nd that the matched conductivity is
=12:49 S/m.
Table 7 shows the complete input script. Some entries are of intetes
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Table 7: Input script pulsedpower.ain .

* ... CONTROL ----

Mode = Pulse
Mesh = PulsedPower
DUnit = 3.93700E+01

TMax = 3.010000E-08
SymBound XDn

SymBound XUp

* --- CURRENT SOURCES ---
SMod(1) = STEP 0.0 3.0E-9

* ---- REGION PROPERTIES ----

* 1 WATER
Epsi(1) = 8.10000E+01
* 2 ALUMINA
Epsi(2) = 7.80000E+00
* 3 RESISTOR

Epsi(3) = 8.10000E+01
Sigma(3) = 12.49

* 4 ABSORB
AbsLayer(4) 0.10 81.0 1.0
* 5 SOURCEUP

Epsi(5) = 8.10000E+01
Jy(5,1) = -4.437E8

* 6 SOURCEDN
Epsi(6) = 8.10000E+01
Jy(6,1) = 4.437E8

* 7 INNERCONDUCT
Metal(7) 81.0 1.0

* 8 RESISTPLATE
Metal(8) 81.0 1.0

* 9 OUTERBOUND
Metal(9) 81.0 1.0

* ---- DIAGNOSTICS ----
DTime = 5.00000E-09

* |nside resistor

History = 0.00000E+00 0.00000E+00 -2.0000E+00

* Midpoint of line

History = 0.00000E+00 2.00000E+00 -9.00000E+00

EndFile
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Figure 14: Distribution of jEj, views in the planex = 0:0". Left: t = 5:0 ns. Right: t = 20:0
ns.

The simulation time is 30.1 ns, long compared to the transititne of 4.57 ns along the
6.0" length of transmission line.

The SMod command invokes the standard normalize&tep function starting at ts = 0:0
ns with a risetime oft, = 3:0 ns.

The upper and lower boundaries along are set as symmetry planes. The assignment is
valid because 1) pulse propagation is parallel to the planesd 2) the magnetic eld is
symmetric about the planes.

The two source regions have the dielectric constant of watand peak current densities
jy= 4437 10° Aim2.

Snapshots of the eld distribution are recorded at 5.0 ns imtrvals, and probes are located
at the midpoints of the transmission line and resistor.

The Aether run takes about 5 minutes. Figureld shows the electric eld distribution
in the planex = 0:0" at t = 5:0 ns andt = 20:0 ns. The early-time plot shows the initial
plane pulse moving down the line. The eld magnitude agreesitv the theoretical prediction,
jEyj = Vo=a=2:362 10’ V/m. The view on the right shows the distribution at t = 20:0.
The re ected pulse in the transmission line indicates thathere is a poor impedance match.
Another concern is the strong concentration of electric el@n the resistor end cap and across
the insulator housing. Finally, probe signals plotted in K. 15. There is a large re ected pulse
in the line and the resistor current rises slowly. The resist provides a poor match to the fast-
rising pulse. The cause of the problem is the high inductanacd the small-radius connecting
rod and resistive solution.
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Figure 15: Probe signals. Top: midpoint of transmission Ig) E,(t). Bottom: midpoint of
resistor, E,(t).
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6 Radiation from a simple dipole

This example provides an opportunity to check the accuracyf AAether in a radiation calcu-
lation in the RF mode and also to try some useful features of therial post-processor. We
shall consider a simple dipole antenna that consists of a reg of height h that carries a cur-
rent of amplitude | oscillating at frequencyf. The le SIMPLEDIPOLE.Miiscribes a dipole
oriented alongz with h = 0:06 m and cross-section ared =4:0 10 4 m?. A current density
of amplitude j, = 1:0 A/m2 giveslo=4:0 10 * A. In the limit that the dipole height is small
compared to the radiation wavelength , the predicted time-averaged radiated power is:

Lo

h
P=40 212 - (12)

For the choicef = 0:6 GHz, the wavelength is = 0:4997 m. Inserting values in Eql2 the
predicted power is 9107 10 7 W.

The solution volume is a cube with sides of length 102.0 cm. &lelement width is 1.0 cm.
An outer layer (Region 1) of thickness 1.0 cm is set as an ideddssrber. The vacuum volume
is divided into two parts: a cubic box with 100.0 cm sides (Remn 2) and a sphere of radius
35.0 cm (Region 3). The reason for the division will be apparein the discussion ofAerial
plots. Finally, Region 4 is a vacuum box of width 2.0 cm ix and y and height 6.0 cm inz.
The Aether calculation is controlled by the le SIMPLEDIPOLE.AIN'he run extends over 6
RF periods with a smooth start of 2 periods. The statements

SMod(1) = 0.0
Jz(4,1) = 1.0

de ne a current-density amplitude of 1.0 A/n? with phase 0.0 in Region 4. Monitors to check
the convergence of the time-domain solution are located abgition [255; 0:0; 0:0]. The solution
takes about 5 minutes.

One way to check the radiated power is to inspect the volumetegral table recorded in
SIMPLEDIODE.ALShe time-averaged power dissipated in the absorber (Regid) is P =
9:181 10 7 W, within 0.8% of the theoretical value. We can also load theotution le
SIMPLEDIODE.A®itb Aerial , open a data record and then pick the comman@inalysis/Solution
integrals. Aerial lists surface integrals of the Poynting vector in addition @ the same volume
integrals performed byAether . The results, shown in TableB, are listings of the ow of electro-
magnetic energy out of regions through boundaries sharedthvother regions. It is informative
to discuss the features and limits of the analysis. The maironcern is that the eld quantities
are evaluated at the centers of boundary elements of the regi Therefore, results are not
accurate for regions with a single layer of elements. In thésse, there are large changes of eld
values over single elements. For example, the entries in Tal8 for Region 1 show poweP =2
arriving from Region 2 andP=2 leaving through the outer boundary of the solution volume
(designated as Region 0). In reality, the powd? arrives from Region 2 and is fully dissipated in
the absorber. Poynting integrals of the power from Region Dtthe absorber and from Region
3 to Region 2 are in good agreement with the volume-integragsults. Finally, integrals over
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Table 8: Aerial surface integral results

Time-averaged Poynting vector flux
Power from region: 1
RegNo >> 0 Area: 6.24240E+00 (m2) Power:  4.59177E-07 (W)
RegNo >> 2 Area: 6.00000E+00 (m2) Power: -4.56835E-07 (W)
Power from region: 2
RegNo >> 1 Area: 6.00000E+00 (m2) Power:  9.23561E-07 (W)
RegNo >> 3 Area: 2.31121E+00 (m2) Power: -9.09663E-07 (W)
Power from region: 3
RegNo >> 2 Area: 2.31121E+00 (m2) Power:  9.23431E-07 (W)
RegNo >> 4 Area: 5.60003E-03 (m2) Power: -6.72397E-07 (W)
Power from region: 4
RegNo >> 3 Area: 5.60003E-03 (m2) Power:  4.70630E-07 (W)

the surface of Region 4 are inaccurate because of the stroredd variations over the surface of
the small object.

Aerial can generate a variety of interesting plots. We shall congdtwo examples created
in the Surface plotmenu. Figurel6 was generated with the following operations:

1. In the Surface plotmenu, pick theDisplay regionscommand. In the dialog, checlDisplay
for Regions 2 and 4 and checkield for Region 2.

2. Pick the Set cut planescommand. In the dialog, setyn,, =0:0 cm.

3. Pick the Surface plot stylecommand. In the dialog, uncheck the boxnclude surface plot

The resulting plot of jH] in Fig. 16 shows the standard dipole pattern with radiated elds
concentrated at the equator.

Figure 17 shows how three-dimensional eld lines may be added to suckaplots. To prepare,
deactivate the display of Region 2 with théDisplay regionscommand and check the boinclude
surface plotin the Surface plot styledialog. Create the plot with the following operations:

1. Click Reference phase/amplitudéo toggle the display mode. Us&et reference phasand
enter a value =90°. The plot surface now shows a snapshot of the elds at the sped
phase. The choice of ¥@nsures that the near- elds around the dipole are close torpe
and do not obscure the radiating elds.

2. The surface shows the variation gH over a plane normal toz. In the Surface plot style
dialog, change the position of the plot surface ta = 5:0 cm so it is below the dipole
region.

3. We can add eld lines to surface plots in th&keferencedisplay mode. Pick the command
Field line plot le in the Analysis menu. In the dialog, choose the |eEDIPOLELINES.DAT
It contains a list of starting positions for eld line traces

The surface in Fig.17 is color-coded according to the default plot quantityH j. By default, the
lines follow E vectors. The starting positions are a sequence along thkeaxis aty = 0:0 cm,

27



Figure 16: Amplitude plot of jHj on the surface of a sphere of radius 35.0 cm and on the
boundary of the absorbing layer. The green object is the difmregion.
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Figure 17: Color-coded plot ofH]j over a surface atz = 5.0 cm at phase = 90°. Lines of
electric eld in the planey =0:0 cm.
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z = 0:0 cm. Note that Aerial traces lines until they leave the solution volume or reconne
with themselves. The starting positions iInDIPOLELINES.DAdre in the rangejxj 350 cm.
A larger limit would have resulted in doubling of lines in som regions.
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7 Switching transmission lines and capacitors

Many pulsed-power systems include static or pulse-charg&dnsmission lines that are dis-
charged by a fast switch. Electromagnetic interference algations may involve a capacitor
discharge. In both cases, the initial state has large eletr elds and small or zero magnetic
elds. The question is how to create a static initial state wth a dynamic electromagnetic code
using currents as drive elements. This example illustratéle solution. The geometry is simple
to allow comparisons with theory. Nonetheless, the examplBustrates all aspects of switch
modeling and can provide an important template for your work

Figure 18 shows a cross-section of the system, two parallel-plate tiemission lines separated
by a switch region. The charge line is at the bottom and the oput line at the top. The
system is uniform inx and has length 10.0 cm out of the page. The key to the calculati is
the assignment of a time-dependent conductivity to the sweh region. The conductivity is zero
while the lower line is charged and then rises rapidly to a higvalue to drive a pulse in the
output line. The calculation includes several regions:

Outer conductors atymin and ymax Which have theMetal property.

The inner conductors of the charge and output lines\Vetal).

The line media, which have the properties of vacuum (=1:0, , =1:0.)
Matched resistive layers atz.,i, and znax (AbsLayer).

Two drive current layers nearzn,, with oppositely-directed currents ( jy).

The switch region with time-dependent .

The distance between the center and outer conductors &= 2:0 cm. The characteristic
impedance of the line section of widttb = 10:0 cm is 37.3 (Eq. 10). The electromagnetic
transit time over the 25 cm length of the charge line is 0.833nshort compared to the charge
time of 3.0 ns. The risetime of the current density is 0.5 ns. he source and absorption layers
have thickness z =0:5 cm. A peak current densityjy, = 1:0 A/m 2 in the left and right source
regions produces a total current

| =2j,b z=0:001 A (13)

of which half is lost to the adjacent absorption layer. The auent produces a traveling pulse
with eld amplitude Eyq = 0:933 V/m.

The switch region has length 5.0 cm, width 10.0 cm and height@®cm. With these dimen-
sions, a conductivity = 25:0 S/m in the conducting phase gives a switch impedance of 1.0
. The following lines in the Aether control script EINIT.AIN are used to de ne the switch
properties:
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Figure 18: Geometry of theEINIT example, view normal to thex axis. The dimensions are in
cm. The system is uniform along with length 10.0 cm and symmetry boundaries ax,,, and

Xmax
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Figure 19: Plot ofjEj in the plane normal tox at timest = 1.5, 3.0, 3.5 and 5.0 ns.

Epsi(7) = 1.0

Mu(7) = 1.0

Sigma(7) = 25.00
SigMod(7) = EINIT.DAT

The Sigma statement sets the peak magnitude of the conductivity as = 25:0 S/m. The
SigMod statement signals that the conductivity has a time depende® de ned by the table
EINIT.DAT. The le contains a normalized function that equals 0.0 fot < 3:0 ns and then rises
smoothly to 1.0 over a 1.0 ns interval.

Figure 19 shows the spatial variation of electric- eld at selected thes. In the rst plot, a
wave of voltage amplitudeVp=2 has moved into the charge line and partially re ected to cie
a region ofVy. The second plot (just before switching) shows the line fyllcharged to V.
The distribution of electric eld is almost identical to an dectrostatic solution with the center
conductor at potential V. In the third plot, the switch region has high conductivity. A pulse
with voltage V=2 moves into the output line and a V,=2 pulse moves backward in the charge
line. The last segment shows the steady state wherevg=2 pulse lIs the solution volume.

Figure 20shows the variationE, (t) measured with a probe at the midpoint of the charge line.
The signal changes tde,, at the onset of the primary pulse and then to By, with the addition
of the pulse re ected from the open-circuit switch. The eldremains at an approximately static
level until activation of the switch, after which is returnsto Eyo.

The small transients at full charge in Fig.20 illustrate an interesting aspect of numerical
solutions: it is easy to represent a real-world system, butther di cult to create an ideal
solution. In a model of a pulse-charged Blumlein linédether gives a complete representation
with actual transients included. As a nal note, you must takecare to include reasonable
risetimes in temporal functions. If the drive current funcion in the example were a discontin-
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Figure 20: Plot of E(t), signal from a probe at the midpoint of the charge line.

uous step function, there would be large transients in the ahge phase. Even more critical, a
discontinuous function for the switch conductivity would yeld a non-physical solution.
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Figure 21:

8 Initial electric- eld distributions from HiPhi

The initial static electric eld distribution in devices li ke charged transmission lines, Blumlein
lines and capacitors may have complex three-dimensionalriaions. Setting the initial electric
eld with the charging method described in Chap.7 can be time-consuming. If you have the
HiPhi code, you can set electric elds at = 0:0 s directly from an electrostatic solution. The
two examples of this section demonstrate how to implement ¢htechnique:

EBIAS This example is a simple benchmark for comparison to theoryhe geometry show
in Fig. 21is the same as that of theEINIT example in Chap.7. The calculation employs
the input les EBIAS.MIN(mesh geometry) EBIAS.HIN(HiPhi control), EBIAS.DATtime
variation of switch conductivity) and EBIAS.AIN(Aether control).

DTESTERA full three-dimensional simulation of a device to test diectric breakdown
under severe voltage reversal conditions. This calculatiovould be impossible with-
out Aether . The input les are DTESTER.M|NDTESTER.H|INSMOOTHSTEP.MO®
DTESTER.AIN

Figure 21 shows the geometry of th&BIASexample. The gure shows the view in the plane
x = 0:0 cm for a parallel-plate vacuum transmission line with in rite length along x. The
center conductor of the charge line (lower portion) has a dia charge of 1.0 V. The line has
length 25.0 cm and gap width 2.0 cm. The initial electric eldis Eyo = 50:0 V/m. The upper
portion of the solution volume is an output line with a matche termination layer. The center
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conductors of the lines are connected by a switch region ofggh 5.0 cm that undergoes a rapid
rise in conductivity in the electromagnetic calculation.

The rst task after generating the mesh is to create the elemstatic solution. In the HiPhi
calculation, the outer wall, the output line center-condutor and the downstream absorber are
setto =0:0 V. The center conductor of the charge line is set to = 1:0 V. The line volume
and switch have , = 1:0. The lower end of the charge line has an unspeci ed boundamhich
corresponds to an open-circuit boundary condition in botiiPhi and Aether . The left-hand
side of the gure shows calculated equipotential lines whicextend across the open-circuit
switch in the initial state. The following command in theAether script loads the electrostatic
solution EBIAS.HOU

Einit EBias

Note that there are no instances of th&Mod Jx, Jy and Jz commands in the script because
the dynamic solution does not require current sources.
There are two important considerations for importingHiPhi solutions into Aether :

The two programs must use the same mesh. You should plan thevidion into regions so
that the mesh serves both the electrostatic and electromaeiic solutions. The mesh must
be non-conformal. The mesh script should include the comm@rsmooth 0and should
not include Surface commands.

For a valid physical solution, the initial state of the eleatomagnetic solution must be
consistent with the electrostatic solution. In this examp, the switch region has the same
dielectric constant and has =0:0 S/m att =0:0.

The function in the le EBIAS.DATand the commandSigma(4) = 25.00 de ne a smooth
change of conductivity from 0.0 to 25.0 S/m in 1.0 ns. As in thexample of Chap.7, non-
physical results may occur if the conductivity changes disatinuously or abruptly compared
to the time step of the solution. The right-hand side of Fig21 shows the spatial distribution
of JEj at t = 0:5 ns. As expected, waves with electric eld magnitud&,,=2 move away from
the switch. The pulse in the output line has magnitude sligiy below 0.5 V and duration 1.76
ns (full-width at half maximum). For comparison, the doubletransit time in a vacuum line of
length 25 cm is 1.67 ns, so the non-zero switching time givese pulse lengthening.

Figure 22 shows the geometry of th® TESTE&ample. The goal is to determine the e ect of
strong voltage reversal on the lifetime of a dielectric shieeThe plate and inductor are charged
to a high static voltage. A switch shorts the electrodes, gemating a oscillating voltage across
the sheet. The assembly is immersed in transformer oil ingida grounded tank (a cube with
sides of length 15.0 cm). Three-dimensional numerical meitths are essential for this calculation
for three reasons:

The initial electric eld distribution is quite complex.

The e ect of the tank walls and electrodes makes it di cult to estimate lumped element
parameters.

Transit-time e ects play a large role in determining the eletric eld in the test insulator.
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Figure 22: Geometry of theDTESTE&xample.

The left-hand side of Fig.23 shows the spatial distribution ofjEj for a normalized electro-
static solution with 1.0 V applied potential. The electric eld magnitude is 50 V/m across the
dielectric slab of thickness 1.0 cm and the switch. There ild enhancement on the edges of
the high-voltage, so it would be worthwhile to re ne the shap. The dielectric has . = 5:8 and
the oil has , = 2:7. The dielectric constant of the switch material has littlee ect on either
solution, for we set it to the value for oil to maximum the Couant time step.

In the electromagnetic solution, the switch again has an il conductivity of zero and rises
to 25.0 S/m in 5 ns. The command to set the time variation is:

SigMod(4) = SMOOTHSTEP.MOD 5.0E-9 1.00

where the le SMOOTHSTEP.M@tBains a normalized function that rise smoothly to 1.0 at t
= 5.0 s. The right-hand side of Fig.23 shows the distribution of electric- eld magnitude at t
= 50.0 ns. The electric eld energy is concentrated in the diectric gap. The time-variation
of electric eld inside the dielectric is plotted in Fig. 24. The waveform is approximately
sinusoidal function, as expected for an LC circuit. In congst to the lumped-element solution,
the electric eld is larger on the negative cycle. This restire ects transit-time e ects with
pulse interference. Plots ofH] show that the magnetic eld energy distribution along the
helical inductor varies with time. We could determine capatance and inductance values of
the assembly with anRF mode calculation. For a rough estimate, note that the dielectrigap
has spacing 0.01 m and approximate area8h 10 * m2. The dimensions correspond to a
capacitance of about 40.0 pF. The oscillation period is 20 ,ngnplying an inductance of 0.25
H.
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Figure 23: Spatial distribution of JEj in the plane x = 0:0 cm for the DTESTEBxample. Top:
initial static eld. Bottom: dynamic eld at t =50:0 ns
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Figure 24: Plot of E,(t) at the center of the dielectric slabDTESTE&ample.
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9 TE10 mode in a rectangular waveguide

There are many applications that involve driving a microwag structure with a waveguide. This
tutorial explains how to generate the Ty, mode in a rectangular waveguide. The method is
applied in a three-dimensional application example, the dgn of a waveguide resonator for
plasma heating.

In order to generate a single mode, we need some knowledgehef £ld pattern. Suppose
that the waveguide extends along the direction and has transverse dimensionsa=2 x
+a=2 and b= 'y +b=2. The TE;; mode has eld componentEy, Hy, and H, that are
uniform in y. The transverse components have spatial variation

Ey = Egcos —— ; (14)
- Eo X
He= 7> cos — (15)
The mode impedance is given by
Ze = g——; (16)
1 (=2a)?

where is the vacuum wavelength and is the impedance of free space (376.7 ). The group
velocity of the wave is

1 49—
V= p— 1 (=2a)% a7

For the initial calculation we shall use a vacuum waveguideithh stock dimensionsa = 74:0
mm and b= 34:0 mm. At frequencyf = 2:45 GHz, the wave parameters are = 122:4 mm,
Zg =670:1 and vy =0:576Z. The mesh le TE10.MINsets an element size of 1.0 mm and
de nes the following regions:

Region 1. Metal waveguide wall.
Region 2. Vacuum, interior of the waveguide.

Region 3. Top and bottom nozzles approximately one quarteravelength from the end
wall. This region acts as vacuum for the setup solution and amsetal for the application
solution.

Region 4. An absorbing layer with a spatial distribution of ctrent density to drive the
mode.

IMaterials in this tutorial are taken from S. Ramo, J. Whinnery and T. Van Duzer, Field and Waves in
Communication Electronics (Wiley, New York, 1965), Sect. 8.03
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Region 5. The end wall. This region acts as an absorber for tisetup solution and as
metal for the application solution.

The solution volume covers the axial range -1.0 mm z  151.0 mm.
The goal of the rst solution (TELQ01.AIN) is to generate an ideal traveling wave. Equa-
tion 15implies that the current density in the source region shoultiave the spatial variation:

Jy = Jocos(x=a): (18)

The distribution is implemented with the script command
Jy(4,1) > 1.0*cos(0.04245*\$x)

To begin, we simply set the properties of the source and doviresam absorber regions with
the commands:

AbsLayer(4) = 1.0
AbsLayer(5) = 1.0

In this case,Aether automatically assigns the conductivity =2:655 S/m to the regions. The
top section of Fig.25 shows the spatial variation amplitude of the complex eledtr eld. For
an ideal traveling wave, there should be no variation ia. In contrast, the solution exhibits a
high standing-wave ratio. We can understand this e ect by niing that the assigned matched
conductivity applies for waves at normal incidence (= 90°). As described in theAether
Reference Manual , the e ective thickness of the layer increases when< 90:0/dg. In this
case, the conductivity should be multiplied by sin. The modes of a waveguide can be viewed
as a superposition of waves that propagate at an angle withsgect to the z axis given by

sin = vy P (19)
For the parameters of the waveguide and mode, E§9 implies the absorbing layers should have
the conductivity = 1:492 S/m. The following commands explicitly set the properéis of the
layer regions:

Sigma(3) = 0.00000E+00
Epsi(4) = 1.00000E+00
Mu(4) = 1.00000E+00
Sigma(4) = 1.49200E+00
Epsi(5) = 1.00000E+00
Mu(5) = 1.00000E+00
Sigma(5) =  1.49200E+00

Conductivity matching is a subtle but critical point. The general rule is that you should always
multiply the conductivity of absorbing layers in waveguidesolutions by the ratio of the group
velocity to the speed of light. The bottom of Fig.25 shows the modi ed solution, almost a
perfect traveling wave. Figure26 shows a view of the elds at a reference phase= 0:0°.

To complete the discussion of the setup solution, consideng absolute amplitudes of the
eld quantities. The peak electric eld amplitude in Fig. 25is Eq = 0:43 V/m. For a drive
current density of 1.0 A/m?, the maximum value of magnetic eld isH,, 0:001 A/m. Using
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Figure 25: Traveling-wave solution, plot ofi[Ej in the planey = 0:0. Top: absorbing layer
conductivity = 2:655 S/m. Bottom: absorbing layer conductivity = 1:492 S/m.

Figure 26: Field variations of the traveling-wave solutiofn the planey = 0:0 at reference phase
of 0.(°. Color coding byjEj with plotted lines of jH]j.
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Eq. 15 the maximum electric eld is E,  0:67 V/m. The dierence from the numerical
solution arises from current-density cancellation in thearce layer by ohmic conduction. For a
matched conductor at normal incidence, the fractional baosw is usually 50%. The observed
eld reduction is about 64% because of the reduction in layezonductivity. The point is that
it would be challenging to nd the absolute eld magnitude ina waveguide mode from rst
principles. It is simpler to set up a normalized solution andhen adjust the current-density
for the desired power. For this example, the total power caltated using the Solution integrals
command in Aerial is 17 10 “ W. The peak voltage corresonding tdcEq = 0:43 V/m is
Vo = 0:01462 V, giving a predicted average power

V02 3

P=_—=16 10° (W 20
7 W) (20)
As an application, we shall use a waveguide resonator to geaer a strong RF electric eld

for gas ionization. The le TE1Q02.AIN includes two changes from the setup solution:

The drive current density in renormalized to give an incidenwave power ux of 1.0 kW.

The end wall and the region representing the nozzles is setttee metal condition.

The nozzles cylinders of radius 6.0 mm that extend 8.0 mm frothe top and bottom surfaces
of the waveguide. They are located 30 mm=4) upstream from the end wall near the point of
peak electric eld. In addition to gas injection, they funcion to concentrate the electric eld.

Figure 27 shows two views of the resulting electric eld. The top illusation shows a strong
standing wave pattern with enhanced electric eld betweenhie nozzles. The maximum eld
available for gas breakdown is 1.13 kV/cm.
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Figure 27: Waveguide cavity with gas nozzles, peak electrield 1.13 kV/cm. 1 kW incident
power ux. Top: Electric eld magnitude in the plane y = 0:0. Bottom: Electric eld amplitude
and eld lines in the planez = 130:0 mm at phase = 90:0°.
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10 TEI11 mode in a circular waveguide

Tutorial 9 showed that it is relatively easy to initiate a TEo mode in a rectangular waveguide.
Here, the drive current density has a simple cosine spatial glendence. In contrast, the ideal
spatial variation of current density to drive a circular waeguide would be quite di cult to
approximate with the expressions available in the algeb@parser. For reference, the transverse
components of magnetic eld of the Tg; mode in a circular waveguide of radiuga vary is

Ju(hr)

Hr= Ho == Ja(hr) cos; (21)
H = I:ro Ji(hr) sin; (22)

where J; and J, are Bessel functions andh = 1:841=a The corresponding current-density
components can be expressed as:

q
r= x2+y? (23)
, 2Hy X
ey = =2 20 L ghn), (24)
" #
. 2Ho  Ja(hr X 2
jy0y)= 200 B0y X (25)

where is the layer thickness. In practical cases, we need havorry about replicating this
variation exactly. Generally, a circular waveguide is opated in a frequency range where the
TE;; mode is the only one that can propagate. If all other modes aevanescent, we can be
certain that only the TE;; mode will propagate downstream, even if the current densitg a
rough approximation to Egs.24 and 25.

The example TE1lillustrates the setup. The geometry consists of a metal wayeide of
length 50.0 cm witha =5:0 cm. Absorbing layers of thickness = 0:25 cm are located on the
upstream and downstream ends. The cuto frequency for the nde is

0:29%k
a
For the given dimensionsf. = 1:757 GHz. The wave is driven by a uniform current density
jx =1:0 Alcm? in the upstream absorbing layer.
In the rst example (TE11.AIN), excitation at 2.5 GHz produces a traveling wave above
cuto . The wavelength in the guide is given by

: (26)

q___
9= o 1 (fc=f)?): (27)

where o = c=f = 12:0 cm. The guide wavelength is ; = 16:88 cm. From the discussion of
Tutorial 9, the matched conductivity of the absorbing layer for a propgating waveguide mode
is
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Figure 28: Propagating TE1 mode in a circular wave, color coding showgj at a reference
phase of 0.9. Lines of electric eld in a plane normal toz. Right: lines of magnetic eld in a
plane normal tox.

|
= 1 o ; (28)
0 g
where o =376:7 . Inserting parameters in Eq. 28 gives the value = 0:755 S/m. Figure 28
shows electric and magnetic eld lines of the propagating nde. A scan ofjEj alongz in the
right-hand gure con rms that the guide wavelength equals he theoretical value.
In a second run TE11E.AIN, the frequency is reduced to 1.6 GHz, a value below cuto .
Figure 29 shows the resulting distribution ofjEj in the planex = 0:0 cm. In this case, the eld
amplitude of the evandscent wave is predicted to vary as exp(z ), where

v ,
u >

—htg ff : (29)

For the given parameters, = 15:20 m !. The theoretical e-folding distance for reduction of
the wave amplitude is 6.6 cm. For comparison, a line scanj&j along the axis in Fig.29 shows
an exponential variation with 7.1 cm e-folding distance.
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Figure 29: Evanescent wave in a circular waveguidgsj in the plane x = 0:0 cm along with
lines ofjHj. The source layer is on the left.
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11 S matrix for a two-terminal network

This tutorial addresses two computational techniques: 1)nding the S (scattering) parameters
of a microwave network and 2) extraction of traveling wave e¢oponents from the complex eld
values generated byAether . Suppose we have a multi-port network where a device conngct
identical waveguides (or transmission lines). We denote éhwaveguides as Port 1, Port 2,....
For simplicity, we shall neglect power absorption within tle ports. At a given frequency the
ports carry the same electromagnetic mode at locations faofn the device. The relative mode
amplitudes in di erent ports may be characterized by an elédc eld value ( e.g, electric eld
amplitude at a reference point, line integral of electric & amplitude,...). Suppose we excite
Port 1 with an incident wave with electric- eld amplitude E;; and place matched terminations
on the other ports. In this case, there is re ected wave in Pod (E,;) and transmitted waves
in the other ports (Ei,, Ei3, Et4,...). The coe cients in the rst column of the S matrix are:

Erl_ _ Et2. — EI3.
S E. Sy = . Sz = (30)
There are several ways to nd the ratios in Eq.30 using Aether . To start, we need to
know the electric eld and power ux for an incident wave in the waveguide (or transmission
line) corresponding to a given drive source current distrision. Sometimes, it is possible to
nd the values from analytic expressions. In the general caswe set up amAether calculation
for a short section of the line with a matched termination. Ttorial 2 illustrates the procedure
for a transmission line and Tutorial9 covers a rectangular waveguide. If we apply the current
source at Port 1 of the network, then we know the quantitieg;; and P;;. If we put matched
terminations on the other ports, then we can nd the transmited eld magnitude and power
for excitation at Port 1. The o -diagonal S matrix parameters are given by

ET2 ET3
Sp1 = — Ss1 = —/— iy 31
21 E. 31 E. (31)
or
S Pi S Pi
Sy = —2:Gy,= B 32
21 Pil 31 Pi]_ ( )

If the microwave device does not absorb or create energy, thagonal element is given by
S

S]_]_ = 1

P P,
Pi P
The componentS;; may also be determined from the voltage standing-wave-ratin Port 1.

An axial scan of electric eld amplitude at the reference poson yields the maximum and
minimum eld values, Eax and Eni, . The standing-wave ratio is

(33)

E
Sw = (34)
min

The scattering matrix component is given by
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Sw 1
Swr+1
Equations 34 and 34 may not be accurate for high re ection ratio,S;; = 1:0.
An alternative approach that does not require a preliminaryautionisto nd E;q, E;1, E¢1,
Ei2,... directly from the complex-number values generated bgether . It is easy to nd the
transmitted eld amplitudes (E:s, E¢»,...) because the elds in the terminated output ports are
pure traveling waves. The challenge is to separate the mix@acident and re ected waves in
the input port. The electric eld of the incident wave has theaxial variation exp( jkz) where
k=2 = . Here, is the axial wavelength in the waveguide. The re ected waveavies axially
exp(+jkz). Suppose we measure complex-number values of electricd &t two positions in
Port 1 far from the device: E; at z; and E, at z,. We can express the values in terms of the
traveling waves as

Si1 = (35)

E1= Ei exp( jkzi)+ E; exp(kzy); (36)
E.=E; exp( jkz,)+ E, exp(kzy,): (387

Inverting Eqs. 36 and 37 gives a relationship forE, and E; in terms of the measured quantities:

_ Exexp( jkzp) Ejq exp( jkzi),
ST Texp( 2Kz exp( Zkzy) 9
_ E, exp(kzy) E; exp(kzy).

' exp(3kz,) exp(gkzi)

The measurements positions should not have a separation thgives a value of zero in the
denominator: /2, ,3 /2, ...

The example SMATRIXIustrates the calculation for a two-port network. A rectangular
vacuum waveguide carrying a Tk mode atf = 11:4 GHz is interrupted by a rectangular
iris. The waveguide has dimensiona = 22:86 mm andb = 10:16 mm. The cuto frequency
is fo = c=22a = 6:56 GHz and the vacuum wavelength is = c=f = 26:32 mm. The guide
wavelength is

(39)

, = g———— =32:18 mm (40)
1 (f=f)?

and the wavenumber isk = 2 = , = 195:25 m 1. The aperture in the iris has dimensions
x =11:00 mm and y =5:00. The iris thickness is 2.0 mm.

The le SMATRIX.MIMe nes a solution volume that covers a 100 mm length of wavege
with the aperture at the midplane. There are upstream and domstream absorbing layers of
thickness z = 0:5 mm. The upstream absorber carries a drive current to excitee TE ;o mode
with electric eld in the y direction. As described in Tutorial 9, the matched conductivity of
the absorbing layers is given by

1

—g- q1 (=2a)2: (41)
= z
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Figure 30: Electric eld amplitude jE,j in the planey = 0:0 mm.

For the parameters of the example, =4:3413 S/m.

An initial Aether run (SMATRIX1.AIN) was performed to characterize the incident wave.
In this run, the physical properties of the elements repres@ng the iris were set to those of
air. The resulting wave was close to a pure traveling wave. €he was a small component of
standing wave S,r = 1:07) because of imperfect absorption on the end layers. Theeazge
electric- eld amplitude of the traveling wave wasiEyj = 1:47 10° V/m at x = 0:0 mm. The
power absorbed in the downstream termination was 2.69 kW.

Figure 30 shows the amplitude of the electric eld in the planey = 0:0 with a metal iris.
As expected, there is a strong standing wave upstream and a dwiream traveling wave. The
wave amplitude in the downstream region is approximately:02 1C° V/m, implying that
S1», = 0:69. The computed time-averaged power in the downstream alblser is 1.29 kW. The
value predicted forS,;, from Eq. 32 is also 0.69. A scan along the axis through Port 1 gives
the maximum and minimum values of electric eld amplitude,E,ax = 2:627 10° V/m and
Enin = 3:847 10" V/m. The standing wave ratio is S,, = 6:83. Equation 35 gives a value
S1; = 0:74. Conservation of energy implies tha?, + S2, = 1:0. Using the values from the
calculation, 069 + 0:74% = 1:02.

Finally, we can check the value of,; by nding the ratio of re ected to incident wave in
Port 1 using theRI tool in Aerial . To use the tool, you must rst enter the value of the mode
wavelength. Click on theSet guide wavelengttommand and enter 0 = :03218 m. Set up a
slice plot normal to they axis neary = 0:0 mm. Click on the RI tool and use the mouse to
de ne two points at the same value ofx separated inz by a distance of about=4. Aerial
writes a summary of results to the screen and an entry like tHellowing entry if a data record
le is open:

Wave decomposition into incident and reflected parts

Paint 1

X:  7.00005E-02

Y: -2.50000E-01

Z: -3.85000E+01
Paint 2

X:  7.00005E-02

Y: -2.50000E-01

Z: -3.35000E+01
EpsiR:  1.00000E+00
MuR:  1.00000E+00
Lambda: 3.21800E-02 (m)
(z2-z1): -3.35000E-02 (m)
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(z2-z1)/Lambda: -1.0410

|[ExI|:  6.95322E+01 |ExR|: 5.33534E+01
|[Eyll:  1.50672E+05 |EyR|: 1.11892E+05
|Ezl|: 4.53467E+03 |EzR|: 2.61847E+03

The ratio of re ected to incident wave isjEj5Ej = 0:74, in agreement with the other
methods.
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Figure 31: Geometry to model a half-wave dipole.

12 Half-wave dipole antenna

This tutorial demonstrates general techniques for frequeg-domain models of metal anten-
nas usingAether . The example also emphasizes precautions you should takeciompar-
ing results for detailed three-dimensional systems to idetheoretical predictions. The les
HALFWAVEO1.MdNd HALFWAVEOQL.Atléscribe a half-wave dipole. Figur81 shows the geom-
etry. The solution volume consists of a vacuum cube with sidef length 2.0 m surrounded by
an absorbing layer of thickness 0.025 m. The antenna is a mietad of radiusR = 0:05 m and
height L = 1:0 m. The condition = 2L occurs at frequencyf =1:5 10 Hz. A vacuum drive
region of height 0.05 m at the center of the antenna carries arcent with amplitude 1, =1:0
A. With these parameters, an idea antenna should generate 36.W.
The Aether control script contains the following statements to de ne he drive current:

NPeriod = 6 2
SMod(1) = 0.0
Jz(4,1) = 123.1

The solution runs for six RF periods with a smooth start overwo periods. The drive current
density in the z direction has zero phase and a steady-state amplitude pf = 123:1. The
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Figure 32:

current density equals 1.0 A divided by the cross section @®f the drive region (52 elements
with dimension 0.0125 m 0.125 m). The bulk of the antenna is set as a metal region. A
probe placed in the plane of peak radiationz(= 0:0 m) about halfway to the wall checksE,.
History monitors were placed at this position and also a=0:10 m to monitor the near elds.

The history record ofHy at r = 0:5 m, shown in Fig.32, con rms that the highly-damped
system reached equilibrium att = 6 . After conversion to phasor form,Aether makes the
following entry in the listing le:

Energy and power integrals
Global quantities
Electric field energy:  1.88269E-07 (J)
Magnetic field energy: 1.88766E-07 (J)
Total field energy:  3.77035E-07 (J)
Resistive power dissipation:  6.37745E+01 (W)
Region quantities
NReg ElecEnergy MagEnergy TotEnergy Power
©) ) () (W)

1 2.65911E-09 8.11792E-10 3.47090E-09 6.37745E+01
2 1.79649E-07 1.87305E-07 3.66953E-07 0.00000E+00
3 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
4 5.96118E-09 6.49320E-10 6.61050E-09 0.00000E+00

The solution agrees with predictions for the half-wave dige in every respect except that the
power of 63.77 W is almost is twice the prediction for an ideaintenna.

The di erence follows from a non-intuitive characteristicof numerical electromagnetic sim-
ulations: it is relatively easy to represent real-world sysms, but quite di cult to replicate
ideal systems. In this case, we must recognize that the sysieas de ned is not an ideal deal
half-wave dipole. The center section has reactive elemenitgat modify the impedance seen by
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Figure 33: Half-wave dipole with capacitive loading at the dve gap. Left: jHj near the
antenna. Right: jSj in the radiative region.

the drive current. As in the case of an actual antenna, matchgncomponents are required when
connecting a 75 line. There are two indications of mismatch 1) the electric eld in the gap
is not exactly 180 out of phase with the drive current and 2) the value oH, at the near- eld
monitor implies that the total gap current exceeds the driveurrent.

A change in the drive gap geometry signi cantly alters matcimg to the antenna HALFWAVEO2.MIN
HALFWAVEOQO2.AINN the system of Figure33, the radius of the drive region was expanded to
0.10 by adding caps. This change reduced the inductance amdreased the capacitance of the
gap. The drive current density was adjusted to 30.77 A/fto maintain 1.0 A total. In this
case, the radiated power dropped to 41.85 W. The phase of thiearic eld in the gap was
149.2. The left-hand side of Fig.33 shows the variation ofH, near the antenna. As expected,
the magnitude of the drive current scaled as cogEL ). The right-hand side, which shows the
amplitude the Poynting vector, illustrates the directiondity of the radiated power.

In conclusion, when faced with mysterious results remembénis general rule. Aether
simulates what it sees, not necessarily what you want.
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Figure 34: Geometry of theSSPIPE example.

13 Modeling a pulsed magnet

An important Pulse mode application ofAether is eld di usion into structures near a pulsed
magnet. As in other examples in this manual, we shall use a ralely simple system for a
short run time. Furthermore, the geometry has cylindrical ymmetry for comparison to results
from the two-dimensional Pulse code of theTriComp series. Figure34 shows the regions
of the calculation. In contrast to Aether , the natural condition on the boundaries of the
solution volume forPulse calculations is that the normal component oB (the magnetic ux
density) is zero (.e., perfect conductor). To make an exact comparison, we shalegorm the
Aether calculation in a cylindrical chamber inside a metal block.n addition, we shall employ
a symmetry boundary atz = 0:0 cm, calculating elds only in the regionz > 0:0 cm.

The procedure to represent a conducting boundary iAether is to Il the solution volume
with a metal region and then to carve out a space with the propges of air to represent the
interior volume. The cutaway blue shape in Fig34 is a portion of the cylindrical interior wall
(8.0 cm radius, 10.0 cm length). The green region is half of ailped coil with dimensions
re =4:0cm,roc = 4:5cmandL.=2 = 5:5 cm. The yellow region is a stainless steel pipe
with ri, =2:0 cm, rop = 3:0 cm andL,=2 = 9:0 cm. The section of the coil in the simulation
volume is activated with a pulsed current that rises smootklto 10,000 A in 40 s. We want
to determine the magnetic ux density inside the pipe as a fustion of time to t,.x =400 s.
The stainless steel has the properties, = 1:0and =1:24 1 S/m( =81 -cm). The
L/R time for eld penetration into the pipe is approximately
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* —

Mode
Mesh
DUnit
TMax

Table 9: Contents of the le SSPIPE.AIN.

CONTROL ----
Pulse
SS_Pipe
100.0
4.0010E-04

SymBound ZDn
EddyCurrent

L —

CURRENT SOURCES ---

SMod(1) = SMOOTH.CUR 40.0E-6 1.0

* -

REGION PROPERTIES ----

Metal(1)
Mu(2) = 1.0
Mu@3) = 1.0

JX(3,1) > -3.636E7*3y/sqt($x"2+$y"2)
Jy(3,1) > 3.636E7*$x/sqt($x"2+$y"2)
Mu(4) = 1.0

Sigma(4) = 1.2400E+06

f—

DIAGNOSTICS ----

DTime = 5.00E-5
History = 0.00 0.00 2.00
EndFile

0 (rop+ rip)(rop rip).

. (42)

Inserting the dimensions and conductivity of the pipe, the @netration time is about =98 s.
Therefore, we expect to observe signi cant eld exclusiorrdm the interior of the pipe.

The le SSPIPE.MINde nes the geometry with an element size of 0.2 cm. Tabshows
the Aether control le SSPIPE.AIN. The le has several features of interest:

The SymBoundcommand sets the conditiom H = 0 at z=0:0 cm.

The EddyCurrent signals a calculation in the non-radiative limit. Note that he le has
no Epsi commands. Aether ignores the commands and sets to give a valid pulsed
magnetic eld solution in the shortest time.

The le SMOOTH.CURnes a step function that rises to 1.0 att = 1:0 s. Notice the
normalization constant in the SMod command to change the risetime to 40s

The Jx and Jy commands illustrate how to generate a solenoid current. Timeathematical
expressions are equivalent tp, = sin andj, = cos, giving a current with positive
rotation about z. The normalization factor 3636 10’ A/m is the current density of
10,000 A distributed over a cross-section area of 0.005 m0.055 m.

The time for light to cross an element of length 0.002 m in vacmn is 6.67 ps. A literal
electromagnetic simulation witht,x =400 s would require 60 million integration steps. The

56



Figure 35: Variation of B,(t) inside the stainless steel pipe at positiorn = 0:0 cm,y = 0:0 cm,
z=2:0cm.

run time would be over 2000 hours (about 3 months). As discuske the reference manual,
the strategy for eddy-current calculations inAether is to adjust the dielectric constants of
regions so that the speed of light has a reduced, uniform valun all media. The reduction
factor is chosen to ensure that the contribution of displaceent currents remains negligible.
The adjustments are recorded in the listing le. For this exenple, the entry is
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---- Eddy current mode, adjusted region physical propertie S ----
Region number: 1

EpsiR: 2.241141E+15

MuR: 1.000000E-06

Sigma (Uniform value): 0.000000E+00
Region number: 2

EpsiR: 2.241141E+09

MuR: 1.000000E+00

Sigma (Uniform value): 0.000000E+00
Region number: 3

EpsiR: 2.241141E+09

MuR: 1.000000E+00

Sigma (Uniform value): 0.000000E+00
Region number: 4

EpsiR: 2.241141E+09

MuR: 1.000000E+00

Sigma (Uniform value): 1.240000E+06

The Aether run takes only about 3 minutes. Figure35 shows the magnetic ux density
inside the pipe. The variation is almost identical to that ofthe Pulse calculation. Despite the
fact that the programs use di erent mesh types and numericdbrmulations, the eld values at
40 s have absolute agreement to within 2%.
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Figure 36: Magnetic proximity sensor, cutaway view.

14 Magnetic proximity sensor

This tutorial illustrates a calculation of RF magnetic elds in the eddy-current limit. We shall
consider a proximity sensor for metals and ferromagnetic nemials based on the measurement
of an inductance change in a magnet circuit. Figur86 shows the geometry. A cylindrical coil
on a ferrite core creates a local magnetic eld. The test olgeis a ring of ferrite or stainless
steel.

An important consideration is whether to perform an RF solubn with Aether or a quasi-
static solution with Magnum . The Magnum calculation, if appropriate, will be faster and
more accurate. The decision depends on the magnetic skin thepn the materials of the
system. The penetration depth of magnetic elds at frequencf 5 into a material with magnetic
permeability and electrical conductivity is given by

S

= 1 : (43)
f o
For ferromagnetic materials, the magnetic elds approachhe static values if is much larger
than the scale length of the object. In this limit, Magnum is the preferred choice for calculating
inductance. A static calculation is also useful when the skidepth is small compared to the
object size. Here, the material approximates an ideal eld eluder. Such a material can be
represented inMagnum by assigning a relative magnetic permeability,  1:0.
To de ne an appropriate application for Aether , the drive frequency was set tdg = 2:0
MHz and the ferrite core had the properties ;, = 100, , = 1:0 and = 12:63 S/m. The

59



corresponding skin depth is 1.0 cm, equal to the core innerdias. Calculations were carried
for di erent object properties: 1) air, 2) ferrite and stairless steel. The characteristics of
stainless steel were, = 1:0 and =1:235 10* S/m, giving a skin depth = 0:32 cm. For
comparison to results from the two-dimensionaNelson program, the assembly was located
within a eld-excluding boundary of radius 5.0 cm.

The MetaMesh input le MAGSENSOR.Méscribed the geometry with an element size of
0.1 cm. TheAether control le MAGSENSOR.A® up a calculation in theRF mode. The
simulation extended over four RF periods with a two period sooth start. History records
con rmed that the elds reached equilibrium. The EddyCurrent command appeared with an
adjustment factor = 1:0E2. The choice was based on the following considerations. TR&
period was = 0:5 s and the solution volume had a width of about 0.1 m. The elea@magnetic
transit time in vacuum was 0.33 ns. Slowing the speed of lighy a factor of 100 gave a transit
time of 33 ns, short compared to. The following commands de ned a uniform current density
j =10% A/m?2 in the coil region:

Jx(4,1) > -1.0E5*$y/sqt($x"2+3y"2)
Jy(4,1) > 1.0E5*$x/sqt($x 2+$y"2)

The coil had an axial length 1.8 cm and radial thickness 0.6 cnihe total current amplitude
was thereforelo = 10:8 A.

In the rst calculation, the object had the properties of ait The Aether listing and Aerial
volume integrals gave a time-averaged magnetic eld enerdys = 4:074 10 ° J. Inductance
is related to the eld energy by

|
1 I
5 L
The inductance of the magnet with a single turn coil with no ofect was thereforeL = 0:140 H.
For a coil with N turns, the value should be multiplied byN 2.

Three additional calculations were performed for compans, changing the composition
and/or position of the object: 1) stainless steel, 2) ferré and 3) ferrite shifted 1.5 cm o axis.
The le MAGSENSORSHIFT.WHN used to create the mesh for the third case. The resulting
values of eld energy are listed in TablelO. The small relative changes in eld energy and
inductance are clearly within the accuracy level of the codéA stainless steel object centered
on axis reduced the inductance by 3.4%, consistent withkelson calculations. Figure37 shows
a three-dimensional plot of the resulting eld lines. Skirdepth e ects pushed eld lines outside
the ferrite core of the magnet. The lines penetrated the mdtabject a distance equal to the
skin depth. A ferrite object raised the system inductance bgbout 4.4%. Displacing the object
1.5 cm caused an addition 0.8% increase in the inductance.

onN

= Us: (44)

N
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Table 10: Total magnetic eld energy for the magnetic sensoas a function of the object
properties

| Object | Skin depth (cm) | Energy ( J) |
Air 1 4.0742
Stainless steel 0.32 cm 3.9353
Ferrite 1.00 cm 4.2495
Ferrite (shift) 1.00 cm 4.2856

Figure 37: Magnetic proximity sensor, metal object. Cutawaview with eld lines.
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Figure 38: Cut-away view of a klystron output cavity coupledo a 75 coaxial transmission
line.

15 Loaded klystron output cavity

In contrast to the benchmark examples in this manual, this dpter discusses a signi cant
design study using the full three-dimensional resources Akther . The calculation addresses
loading of the output cavity of a hollow-beam klystron. It ispart of a larger study to optimize
the coupling loop to an output transmission line to achieve target value of loadedQ. For a
discussion of the physics of klystrons, see S. Humphri€¥harged Particle Beams (Wiley-
Interscience, New York, 1990), Sects. 15.2, 15.3 and 15.4.€eTilext is available for download
at http://www.fieldp.com/cpb.html

Figure 38shows the simulation geometry, a reentrant output cavity fioa high-power klystron.
The cavity has an outer radius of 6.0 cm. The RF power is extrged through a 75 vacuum
coaxial transmission line with outer radiusR, = 2:0 cm and inner radiusR; = 0:6 cm. For
the study it is assumed that there is an ideal vacuum window a downstream point in the
line so that there is no re ected power. The calculation re@sents a 4.0 cm length of the line
with an absorbing boundary layer at the end. There are threerjmmary quantities to nd: 1)
the resonant frequency of the structure, 2) the peak eleatrield levels and 3) the Q factor
determined by output loading.

15.1 Resonant frequency calculation

The rst task was to nd the resonant frequency of the loaded avity. To check the 3D model,
a 2D calculation was performed for a cylindrically-symmeitc cavity without the transmission
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Figure 39: Cavity geometry and electric eld lines. Two-dirensionalWaveSim calculation.

line. The les KLYSFREQ2D.MIdnd KLYSFREQ2D.WINere input to Mesh and WaveSim
of the TriComp series. The test was de nitive becaus@/aveSim used completely di erent
numerical methods: triangular elements and a solution of éhHelmholtz equation by a direct
matrix inversion. Figure 39 shows az-r plot of the cavity geometry and electric eld lines of
the fundamental mode. The beam transport line was below cutaherefore, the boundaries
at z= 3:0 cm did not a ect the calculation. With an element size of 0.8 cm, the calculated
TM o310 frequency was 1.409 GHz.

The vectors comprising the outline of the cavity wall KLYSTRON.OQTere transferred to
the MetaMesh le KLYSFREQ3DIL.MINto generate a three-dimensional representation with
an element size of 0.1 cm. The mesh had 627,669 elements. Thegegy in MetaMesh was to
Il the solution volume with metal elements and then to carveout the cavity using the outline
created in the Mesh drawing editor. The resonator simulations involved a larg@umber of
metal elements, but there was no time penalty becaugeether does not update eld values
inside metal regions. A small region with a drive current desity j , was located on axis (Fig39)
to limit the response to modes of type TM,o. With excitation in the frequency band 0.0 to 3.0
GHz, Aether detected a single resonance at 1.402 GHz, within 0.5% of tiMaveSim result.
The calculation took one hour on a 2.83 GHz dual-core computer

The next step was to nd the resonant frequency of the full syem with the terminated
transmission line. Tablell1 shows the contents of theAether script KLYSFREQ3D.AINThe
Source command de ned a uniform current in thez direction in the drive region (Region 4).
Region 1 comprised the cavity wall and the inner and outer cductors of the transmission line.
Region 2 was the cavity volume and Region 3 was the line ternaitor (with thickness 0.1 cm).
A probe was located at radius 5.50 cm across from the coupldfigure 40 shows the Fourier
transform of the probe signal near the resonance. The inclos of the transmission line coupler
reduced the cavity volume and consequently shifted the fragncy up about 0.9% to 1.4209
GHz. The width of the response gave a rough estimate of the gitlfactor, Q 245.
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Table 11: Contents of the le KLYSFREQ3D.AIN

* --—-- CONTROL ----

Mode = RES

Mesh = KLYS_FREQ3D

DUnit 100.0

Freq 1.5E9 3.0E9

Source 4 0.0 0.0 1.0

* ---- REGION PROPERTIES ----
Metal(1)

Vacuum(2)

AbsLayer(3) 0.10

Vacuum(4)

* ---- DIAGNOSTICS ----
Probe = -5.50 0.00 0.00 Hy
EndFile

Figure 40: Frequency response of the loaded klystron cavity
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Figure 41: Annular beam drive current (orange) for the RF eldsolution.

15.2 Mode eld calculation

The resonant frequencyf, = 1:4209 GHz was used in the naRF-mode calculation to nd
the eld distribution and an accurate value of Q for the driven cavity. The Aether script
KLYSFIELD.AIN contained the following lines:

Freq = 1.4209E9
NPeriod = 40 2

The relatively large number of RF periods was necessary to sme that the elds reached

equilibrium before conversion to phasor form. Some care niuse taken to represent drive

currents in a loaded RF solution. In this case, the drive wasiannular beam with outer radius

0.5 cm and inner radius 0.3 that extended along the length ohé transport tube. Figure4l

shows the mesh de ned bYKLYSFIELD.MIN The harmonic component of current at frequency
fo in the bunched beam had amplitudd, = 100 A. The discrete representation of the beam
cross-section included 48 elements, each with area 40n2. The current density to generate
100 A wasj, =2:083 10° A/m?2.

Figure 42 shows a plot ofH(t) at the probe position, con rming that the solution had
reached a steady state. The run time was 1 hour and 20 minute@ne method to calculate
cavity loading is to use the energy and power integrals rec&d in the listing le. The quality
factor is given by

_2f0U
Q= "p

whereU and P are time-averaged values of the electromagnetic energy hetcavity and power
dissipated in the absorbing layer. The values determined ithe Aether solution wereU =

; (45)
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Figure 42: Plot ofHy(t), monitor at a radiusr =5:5

0:0485 J andP = 14:53 MW. Substitution in Eqg. 45vyields Q = 29:8. The Q value can also be
determined from the signal envelope in Figd2 The theoretical variation is
" 1#
f ot
Hy(t)= Hy(1) 1 exp ) : (46)
Measurements of the signal usin§robe imply that Q = 315.

The nal activity is to inspect the mode elds. Figure 43 shows the variation offEj over the
x-y plane atz = 0:0. Here, the amplitude symbol refers to the peak value in timef the sum
of the spatial components of the electric eld. Note that the niform value in the transmission
line indicates a wave traveling to the right in the transmis®n line with no re ection at the
absorbing layer (VSWR = 0). Using theLine integral command inAerial , the voltage in the
transmission line was determined to b&, = 45:2 kV at a phase of 240 The corresponding
power ux is

P= Ve 13:62 MW: 47
= 57,01 : (47)
The peak electric e'Q value in the solution of 2.26 MV/m occured on the tip of the smaller
nose. A line integral E dl across the axis of the cavity gave a cavity voltag¥. = 295:4 kV
at 18(°. The predicted beam power i¥ = 1,V.=2 = 14:8 MW. Within the accuracy of the line
integrals, the three methods for estimating the RF power areonsistent.
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Figure 43: Variation of JE]j in the planez =0:0 cm.
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