CERN-ACC-2018-0050

@ 24/10/2018

CERN - EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CLIC — Note — 1137

KLYC. THE 1D/1.5D LARGE SIGNAL COMPUTER CODE FOR
THE KLYSTRON SIMULATIONS.
USER MANUAL.

Jinchi Cai, Igor Syratchev

European Organization for Nuclear Research, Geneva, Switzerland

Abstract

Almost all the accurate and efficient 2D large-signal codes for the klystron simulations are
proprietary and are not freely available to the wide klystron community. The klystron code
KlyC1D/1.5D has been developed at CERN recently, as an attempt to bridge the gap between
the fast, but approximate 1D models and the time/resource consuming PIC codes. Here the notation
1D/1.5D is related to the fact that in KlIyC one can choose between a 1D or 2D map of the electric
field (RF cavities and space charge), whilst the particle motion is one-dimensional.
KlyC is available in the public domain. This manual should help the users to start with KlyC
simulations.
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Introduction
A number of computer codes for the klystrons simulations have been developed in the past. These codes can be split
into three categories depending on the complexity, completeness of the model and computational techniques being
used. 1D codes like AJDisk, and KlypWin operate in an idealized environment, where parameters of the RF cavities
and space charge forces do not depend on the transverse position of an individual electron trajectory. 2D large-signal
codes like TESLA, Klys2D and FCI account for all radial effects in the presence of an arbitrary solenoidal magnetic
field. To economize on computation time, these codes use different approximations or external simulations of the
electric field in RF cavities and drift tubes areas. Particle-In-Cell (PIC) codes like MAGIC2D/3D and CST/3D provide
complete and self-consistent field solutions using fine discretization in space and time throughout the entire device.
Unfortunately, the accurate and efficient 2D large-signal codes are proprietary and are not freely available to the wide
klystron community. The Klystron code KIyC1D/1.5D has been developed at CERN recently, as an attempt to bridge
the gap between the fast, but approximate 1D models and the time/resource consuming PIC codes. Here the notation
1D/1.5D is related to the fact that KIyC can choose between a 1D or 2D map of the electric field, whilst the particle
motion is one-dimensional.
The KlyC computational algorithm is organized in such a way that the interaction between the electric field of the RF
cavities, the space charge field and the longitudinal particles movement are self-consistent. During the first iteration,
the electron beam will be modulated in the input cavity and propagate along the tube without taking the space charge
forces and the RF cavities electric field into account. During the next iteration, the obtained longitudinal charge density
modulation will generate initial distribution of the space charge field, excite the electric field in the cavities and the
drift tubes, which in turn will affect the beam dynamic. Such a process will be repeated until the gap voltage in the
output cavity is converged, providing specified residual difference between the two last iterations.
In KlyC/1D charged particles are represented by the disks. In KlyC/1.5D, the set of rings with different radii form the
equivalent array of charged particles at the emission plane. The rings radial spacing is equidistant and each ring has an
identical charge density, so that for the given beam radius, current in each ring will depend on the number of rings and
its radial position. Through the propagation along the tube, each ring will preserve its radial position. The
communication between the rings comes from the common RF field in the cavities and drifts to which they contribute
individually.
KlyC is available in the public Domain. To receive the access to the code and installation instructions, please contact
to the developers directly via emails: Jinchi.Cai@cern.ch ; Igor. Syratchev@cern.ch.
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1. Getting started

After the KlyC installation into the selected folder, open the folder. The KlyC executable file is located in the
‘application’ folder. Double click on the file ‘KlyC.exe’ to start (One can also double click kic file to open KlyC by
choosing the default program as ‘KlyC.exe’ ):
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The KlyC GUI window will be opened:

Beam Para eff optimizer Accuracy Setting plot setting ~| Conv. OL FigOft ) FigOn GIF |ofw| [ |txtoutput cores .
m Beam Voltage (kV) 20.000 Space Charge Field Order 3 Simulation results summary
A Division Number in A_e-
— Beam Current (A) 1.000 ivision Nu i 256 Pout= 0 KW  Gain= 0/ dB | MalkV)  phi(d VE Kvin
i Division Number in RF 128
_ Outer Radius (mm) 3.000 EffRF= 0 % EfBI= 0| % 0 oh
Save as ) Max Iterations 50 :lU
_ Inner Radius (mm) 0.000 Re.RF= 0 Re El= 0 0—
Tube Radius (mm) 5.000 lteration Residual Limit 0.001 : P
= | | neraton Retasat . WA} 0 WOe= 0 L
Beam Numbe 1 leration Relaxation
L) Hmast velc.min= 0| IGama= 0 on
| Power Ramp | 10 Layer Number 1 Excitation source .
Successeraton N0 1 ° A
Image C. 1| | Reflection from output Pin (W) degree chirp 8]
. — Ni Tepu= 0| min L =
mmEEn |GGG eme | o) degree [ 0 10000/ [ | o000 S of
Sweep
Cavity Parameters -
ber| Type |Hamm O(MHz RIQ(Q Qe Qin z (mm gap(mm) |nose(mm)Tp [Le(mmUMB sigma(Sl) |Re(m We(J) (xyz.Ez)
0 1 5000 100 0.7500 250 10000 0 0 ] ( 1] { 1| [default
2 -1 1 5000 100 0.7500 250 10000 50 1] 0 o 0 a4 1| |default
Check
4 »

‘
Cavity Number | 2 Add Cavity | BehindofNo. 1 Delete Cavity |No.| 2  |EGUBING - Update Cavity | No.| 1= |fieldmap  Runing e KlyC .E,,

As an illustration, we will use next the 5 cavities, low perveance, 2 MW L-band klystron. The tube has been designed
using the ‘classical’ bunching method. First, we specify the operating frequency: filMEZ}l |1000.g ; the input power:
Pin (W) ; the beam and drift tube parameters:

Beam Fara. eff. optimizer

Beam \oltage (kV)
Beam Current (A)
Cuter Radius (mm)
Inner Radius {mmj}
Tube Radius (mm)
Beam Number 1

For the klystron simulations, the box located next to the value of the input power shall be checked. In the case of the
hollow beam, the ‘Inner Radius’ of the beam shall be specified as well (0.0 by default).

The KlyC particles emission algorithm is based on the model that uses emission from the metal surface (similar to the
one used in the PIC CST/3D). In this case the beam kinetic energy will be fractionally converted into the DC potential
of the beam space charge (the effect known as the space charge depression). The amount of converted energy will
depends on the beam power, the perveance and the drift tube filling factor (space charge). To enable such an emission
mechanism (recommended), the value of the ‘Image C’ shall  image c. be set to -1: If Image C = 0, then the
beam will have the full kinetic power as is specified in the beam parameters table.



In 2D simulations, by default, the current density across the beam cross-section is constant. The user can introduce the
radial variation of the beam current density as a linear function by specifying the chirp value: , ™™ In this case,
0.000

- - - (rm2)—J (rm1) J(rm2)—J (rm1)
chirp () is defined as: o = 2™ = ;
P (o) Jo Io/m/(Ta—Th1)

The klystron can be simulated using the option of the not perfectly matched RF load. In this case the normalized
amplitude (voltage) and phase of reflection shall be specified in:

Reflection for output

amp 0 degrese 0

KlyC supports multi-core processors (Up t0 4): s fil®  For the 2D simulations this option allows to increase the
simulations speed by about 30% to 100%, depending on the case.

Upon completing the simulations, the KlyC can generate multiple graphics, animations and extract the data into text
file(s). All these can be enabled by using the corresponding buttons on a panel:

Figof @ ) FigOn GIF [onw W/ bt output

2. RF cavities and klystron layout.

The general cavities parameters and klystron layout can be introduced directly into a cavity parameters table:

Cavity Parameters

MNumber| Type |Harm... fO{MHz R (0 ] Qe Chir Z (mm
0 i 1000 182.8050 009225 334 1.6428e+04 ]
2 1 1 1008 116.9995 0.85930 95000 1.9768e+04 480
3 1 1 1016 102.0570 08192 95000 1.95816Ge+04 1630
4 1 1 1030 1236318 09518 95000 1.56970e+04 2400
5 -1 1 1000 180.3864 09325 50 1.478Te+04 2730

The cavities types are as follows: 0 is the input cavity, 1 is the bunching cavities and -1 is the output cavity. If the
harmonic cavity is used, the harmonic number of this cavity shall be specified in a third column. The frequency
(column 4), the external Q factor (column 6) and the cavity position (column 9) have to be defined by the user.

In the simulations, KlyC uses 1D/2D maps of electric field in the drift tubes and cavity areas. KlyC suggests few
options to generate these maps.

1. Gaussian approximation.
In this case the user has to specify directly each cavity’s impedance (R/Q), beam coupling (M) and intrinsic Q factor
(Qin). Impedance and beam coupling are defined as:
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Following, the longitudinal distribution of the normalized electric field will be reconstructed:
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This electric field distribution holds only the longitudinal variation and is constant across the beam tunnel. This option
is similar to the one used in 1D computer code AJDisk.

2. KlyC internal cavity calculator.
The specially developed eigenmode solver is integrated into the KlyC. To facilitate the RF cavities parameters
calculation, the KlyC cavity calculator supports three the most common topologies of RF cavities that are used in the



klystrons. In the EM module window, for each cavity, the user has to define three geometrical parameters and specify
the conductivity of the material being used:

gap(mm) |nose(mmyTp | Lc(mmyB sigma(sl) | Rc(m...
355000 S.4000 102 58000000 80.0753
45,2000 141000 G 58000000 106.4...
G3.0000 0 G3.0000 55000000 113.0...
25 8.1000 63.9000 58000000 @1.89749
33 ] 105 58000000 72.3853
Type 1 Type 2 Type 3
— Lc(mm) —_ Le(mm)
£ £
£ E
2 2
3 o gap(mm)
Sy b gap(mm) Sy i gap(mm)
b s b PR ok

Gap should be specified as a negative number Nose should be set equal 0 and Le=gap.

When the geometry of the given cavity is defined, click on [ upgaecaity | no.|  s[=] . KlyC will run eigenmode

solver and adjust the cavity radius (Rc) to satisfy the cavity frequency specified in the
cavity parameters table. It will calculate R/Q, beam coupling M and Qin. The calculated values will be automatically
updated in the cavity parameters table. The values of R/Q and M are calculated as the ones averaged

over the beam cross-section. If the field map box is checked: [vIfieldmap KIyC will generate the graphical
information about the cavity. The Ez field maps in the 5 cavities simulated by KIlyC cavity calculator:
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In general, it is not necessary to update the cavities every time using ‘update cavity’ button. When the klystron
simulation is started, KIyC will update all the cavities automatically. In all the cases, the cavity position with respect
to the one defined in the cavity parameters table will correspond to the gap center. If the user made a topological
mistake during cavity geometry specification, the ‘check’ indicator (bottom right on the GUI window) will blink
yellow.

S u

3. KlyC EM module.
This option allows the user to generate an arbitrary cavity geometry using geometric primitives like lines and circular
arcs. We may suggest the users to use Excel to generate the parametric models:
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The area with grey background contains the data that shall be copied (or directly generated) into designated txt file that
will be used by KlyC to generate and simulate the cavity. In the first line one shall specify the mode number to be
simulated, the mesh step length in z direction and the mesh step length in r direction (mm).The geometry should start
and finish with min (z) and min (r) points (bottom left corner). From that position, in a clockwise direction, the
geometry nodes (first column ‘Z’; second column ‘R’) and primitive’s type (third column) shall be introduced one by
one. All dimensions are in mm. The primitive’s type at its intersecting point (clockwise) shall be specified as follows:
- The straight vertical, or horizontal line: ‘0’

- The arc: +r or —r. Here r is arc radius, ‘+’ if the arc goes clockwise and ‘-’ if it goes anti-clockwise.

- The tilted line is defined as an arc of a very large (~ x100 of the line length itself) radius.

The file with geometry data shall be saved (created) in the same folder, where the Klc project file is located.

To read the geometry file in KIlyC, the name of the file without extension shall be typed into the last column (X,y,z,
Ez) of the parameters table and in the We(J) column the user shall put negative number (-1). Please check that drift
radius in the cavity file is the same as the one specified in the project. Note, keep ‘default’ in (x,y,z, Ez) column if the
parameters table and/or the KlyC cavity simulator are used only. Next we used the re-entrant cavity as an example:
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Cavity Parameters

Number| Type |Harm fO(MHz RIQ (O M Qe Qin Z (mm) gap(mm nose(mmyTp | Le(mmyMB sigma(Sl) |Re(m... WelJ) (eyz,Ez)
1 0 1 5000 100 0.7500 250 10000 0 0 0 a 0 0 1| [default
2 “ 1 1000 0 0 10000 o[ og] 0 0 0 58000000 ol [

Here (cavity #2) we specify the cavity type, harmonic number, frequency, position and material conductivity (sigma).
The cavity geometry name is ‘Re-ent_cav’ and We(J) = -1. When ‘cavity update’ button is pressed, the cavity will be
simulated:
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Cavity Parameters

Number| Type |Harm.. fO(MHz) RIQ (1)) M Qe Qin Z (mm) gap(mm) |nose(mm)Tp| Lc(mm)MB sigma(Sl) | Rc(m... We(J) xyZEz)
1 0 1 5000 100 0.7500 250 10000 0 0 0 0 0 0 1| [default
2 -1 1 1000 132.4000 05739 10000 1.9986e+04[ 100 ] ] 0 58000000 01164

In the column Rc(mm) KlyC will report on the frequency discrepancy between the simulated value and the one
specified in the table: (Fsim-f0)/f0. The user can tune the frequency by modifying the cavity geometry. To our
experience, it is not necessary to tune the frequency difference to be ‘0’, as for simulation KlyC will use the frequency
from the table (f0), whilst R/Q, M and Qin are slow varying functions with respect to the cavity frequency.

Even if the cavity simulations could be rather fast (few seconds), they will be repeated at every iteration for every
cavity. To avoid this, we recommend to run only few (2-3) iterations with box ‘txt output’ being checked. The KlyC
will save all the Ez field distribution(s) into txt files with names KlyCcavity# (# is a cavity number). Next, one can use



these files (please re-name it, if in use) to import file into the KIyC. In this case, the We(J) value associated with this
cavity shall be put to ‘0’:

Cavity Parameters

Mumber| Type |Harm.. TO(MHz) RIQ () M Qe Qin Z (mm} gap(mm) | nose(mm)}Tp| Lc(mmyMB sigma(sl)  Rc(m We(J) (xyzEz)
1 0 1 5000 100 0.7500 250 10000 0 0 a 0 0 o 1| |default
2 1 1 1000 ] 0 10000 ] 0 0 o o[ 580 1] 0]| [R_cavity2 |
3 -1 1 1000 132.4000 0.5738 10000| 1.9986e+04 100 0 0 0 1164 -1||Re-enir_cav

The cavity (R_cavity2) now will be simulated using this option:

Cavity Parameters

Number| Type |Harm... BS{MHZ) RIQ (Q) M Qe Qin Z (mm} gap(mm) |nose(mm)Tp | Lc(mm)MB sigma(Si Rc(m We(J) (xyzEz)
1 o 1 5000 100 0.7500 250 10000 0 0 1) 0 0 0 1| |default
2 1 1 1000] 1323941 0.5739 10000 0 0 0 0 of 0 0| [Rcavitz__ ]
3 -1 1 1000 132.4000 0.5739 10000 1.9986e+04 100 0 o 0 1164 -1| [Re-entr_cav

The last thing to do, the user shall manually put the Qin value of the simulated cavity to be the same as the one
simulated by KlyC EM module.

Note, in 2D simulations KlyC will save filed information only for the number of radial layers that have been specified.
If the different radial layers number will be used in simulations later on, KlyC will interpolate field distribution using
the saved field data.

To demonstrate the KIyC EM module performance we choose the re-entrant cavity with rounded noses. In this case

we have used the square mesh type (dz=dr) and studied the parameters convergence and simulation time as functions
of the model resolution:
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As a general impression, KlyC EM module does converge smoothly and needs to be refined further to improve the
accuracy. That will lead to very long simulation time. However; as a compromise, the discretization dr;dz/dA=0.005

can be recommended (it takes few seconds to simulate on the ordinary laptop). The same cavity has been simulated
in CST/3D:
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The comparison between the two codes is shown next. The KlyC data is taken for dr;dz/d2=0.005

Frequency. MHz R/Q, Ohms M Qin
CST/3D 801.9 147.6 0.647 19229
KlyC EM module 804.1 146.0 0.643 19337

The 0.2% difference in frequency is observed. However, KIyC uses the user defined frequency for simulations, so that
these results can be used as an information about the KlyC EM convergence accuracy. The R/Q, M and Qin
discrepancies stay within 1%. To our experience, such a difference can affect the tube performance at a level of 0.1%.

4. Filed map import from HFSS and/or CST.
This last option allows the user to design the cavity using eigenmode solvers of HFSS and/or CST. The instructions of

how to import the filed maps from these codes into the KlyC are given Appendix I.

3. Model discretization (accuracy) settings.

In the KlyC, the model discretization is controlled by selecting the number of spatial divisions per electronic
wavelength (Nz), the number of emitted particles per RF period (Nt) and the number of harmonics to be used in
calculations of the space charge field (Ns). Simulations will be completed when the requested iteration residual limit
is reached, or the number of iterations exceeds the specified limit. The residual limit is measured using the convergence
of the gap voltage in the output cavity. The iterations convergence process can be optimized by adjusting the iteration
relaxation parameter (0.5 by default). This parameter controls the weight which will be used by KlyC to account for
the result of the given iteration when moving to the consequent one. For every case relaxation parameter can be adjusted
(normally <0.5) to minimize the number of iterations (simulation time) to reach the convergent criteria. The model
accuracy settings which are recommended for the klystron optimization process are:

Accuracy Setting plot setting

Space Charge Field Crder

The output graphics and animations generated by KlyC can be controlled from the plot settings menu:

Division Mumber in A_e-
Division Mumber in RF

Max Iterations

Iteration Residual Limit

[teration Relaxzation

256
128
100
0.0001

4. Plot settings




Accuracy Setting plot setting

Number of trajectories G4
min(veic) max(veic) 1
extension/ic 10
Zzeut (mm} -100
zplot (mmy}) 0
plat arrival function hold an

The number of trajectories specifies Applegate diagram, it shall be less than ‘Division Number in RF’. The velocities
limits control the scale of the pictures and animations related to the bunched beam phase diagrams. The ‘extension/rc’
allows to specify the length (normalized to drift tube radius) of the drift tube after the output cavity. By default, this
parameter is set to 2, in order to minimize the simulation time. Parameter ‘zcut’ specifies the starting position of the
plots which are functions of the longitudinal coordinate. The applications of parameter ‘zplot’, ‘plot arrival function’
button and ‘hold on’ box are explained later in the text.

5. Starting simulations.

Before running the simulations, the user can select between two regimes using

GS mode is recommended when the cavities parameters have been defined in the cavity parameters table. In this case
the 1D cavities filed maps will be generated and used in simulations. EM mode shall be chosen if cavities are designed
using KlyC cavity calculator/EM module, or when the electric field is imported from the other eigenmode solvers. In
this case the 2D cavities filed maps will be generated and used in simulations.

The user can choose between 1D and 2D simulations by specifying the  Layer Number 1

If Layer Number =1, the 1D simulations will be executed. If Layer Number >1
(recommended 4, at least), the 2D simulations will be done. If 2D option is chosen, the space charge simulations will
be done in 2D, independently of the simulation regime GS/EM.

The results of the simulations will be saved into txt file if the box ‘txt output’ is checked:  [/]t«t output

Now the project is fully prepared for 2D/EM simulation. It is recommended to save each project in the dedicated folder,
where all the files generated by KlyC will be located after the simulation is finished. When saved, the project_name.klc
file will be created. Next time, the KlyC can be started by clicking on the existing *.klc file in the folder.
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To start simulations press on the E button. The button will turn green ﬁ as well as ‘Running’

indicator: Runing '
Itis strongly recommended to check the convergence on line box: ¥iComw.0L  |n this case the iterations progress
window will pop up and will allow to monitor the simulation process. If there is need to terminate simulation, it can



be done by closing the convergence history window. When simulation is finished, the ‘Running’ indicator will turn

red.

6. KIyC output graphics, animations and data.

If requested, upon completion the simulation, KlyC will generate multiple graphics and animations. The animations

are generated as gif files and stored in the project folder.
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To generate arrival functions (time and velocity), the ‘hold on’ box in the plot setting menu needs to be checked
before simulations have been started. Next, the position (zplot) at which the arrival functions will be calculated shall
be specified. Finally the arrival function plots will be generated after clicking on ‘plot arrival function’. If this
operations is repeated for the different zplot value, the new curves will be added to the pictures. The curves will be
saved into data files (with value of zplot in the file name) if ‘txt output’ box is checked.
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Note, these calculations require storing a lot of data in a computer memory. That is why, one may consider to use this

option if only necessary. The memory cash can be emptied at any time by clicking on ‘

The results of simulations are collected in the ‘Simulation results summary’ table:

Simulation results summary

Paut= 2067 KW  Gain=
ET.RF= 7335 % Ef.BI=
Re RF= 7.154e-05 Re El=

lJ100]i= 1202 1J100).o=
velc.min= -0.07811 |Gamal=
ISlecessiiteration  ves  P'°%
Reflected electrons No Tepu=

4537
71.77
0.0006139
1.769
06236
4528

15.07

dB | pvglkv)y | phi(d VE Kvimm
o4 42323 0.1994
14.3392 0.8252
331952 0.8701
43.4965 2.3890
1949578 10.1475
a
min

The KlyC calculates the RF power production efficiency using the two methods. The first method (Eff.RF) is based
on the direct measurement of the output cavity gap voltage. In the second method (Eff.BI) the beam power balance is
used. Here, the total lost power is calculated as a sum of the spent beam kinetic energy, DC/RF energy of the space
charge field in the spent beam and the Ohmic losses in all the klystron cavities. With increasing the model resolution
(N2z), the Eff.RF will normally converge to the Eff. Bl value. However this might require significant increasing of the
computation time. Thus, we recommend to use the efficiency based on the power balance calculations. ‘Pout’ and
‘Gain’ in the summary table are calculated using balanced power.
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To calculate the power transfer curve in automated regime, check the ‘Power ramp’ box and select the number of

points for the simulation: [ Powsr Ramp

5| Next, specify the value of the maximum power to be used:

Pin (W)
, set the itearations number to be larger than N_points x N_1 (N_1 is anticipated number of iterations 2
needed for single simulation) and start simulation:
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In the presence of the reflected electrons, the KIyC will have problems with convergence. These reflected electrons
could be virtual: the ones that appear shortly during the iteration process only; or the real ones which will persist. The
KlyC indicates two types of abnormalities: reflected electrons (colored in yellow during iterations process), those who
reached the emission plane and trapped electrons (colored in blue), those who stay in the simulation volume for more
than 10 RF periods.
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If these effects are numerical artefacts (virtual reflected electrons), the user can try to mitigate them by adjusting the
value of relaxation parameter and/or changing the number of layers in 2D simulations. Ultimately, the user can specify
position of the plane at which the reflected electrons will be absorbed. The position of the absorbing plane is specified
in the plot menu using zcut(mm). In the next example, zcut was set to be between the last bunching and the output
cavity:

iteration process(abort by closing this window)
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7. Bunched beam as a power source.

ThKIyC allows to simulate RF circuit being excited by the bunched beam. This option can be used for the IOT design,
or for the individual studies of special RF output structures in electron devices. The cavity types here will be limited
to type ‘1’ and type ‘-1’. To enable this option, the ‘Pin’ box shall be unchecked and the KlyC GUI window will be
modified:

BeamPara | eff optimizar Accuracy Setting | plot setting Wconvor  Figor @) Figon  GIF [on  v| [tdoutput cores 20000
Beam \oltage (kV) 180.000 Space Charge Field Crder 8 Simulation results summary
Beam Current (A Division Numberin A_e- 256
) Pout= 0 kW  Gain= _ dB Vgl (kv) phi(d.)E K\Wimm
i Division Number in RF
Quter Radius (mm) 128 EffRF= ol% EfiBI= ol % _
Save as Max Iterations 70 0 0
_ Inner Radius (mm) 0.000 Re.RF= 5 ReEl= 0
Tube Radius (mm) Iteration Residual Limit 0.0001
[NRFALNES a L140]0= 0
[ Beam Number Iteration Relaxation 03
- ey I
Layer Number 4 Excitation source
Image C. 1 Reflection for output Pin (W) degree chirp
N Tcpu= 0 min
D) — El P— El -D 120,000 0.000 Reflected electrons o

Cavity Parametars

Number| Type |Harm.. fO(MHz) RR(Q) M Qe Qin z(mm)
2 -1 1 1000 160.3864 09325 50 1.4787e+04 100

33 9 05

gap(mm) nose(mm)Tp | Le(mmyMB sigma(Sl) | Re(m

(xyz.Ez)
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In the given example we have used the output cavity of the klystron that we have introduced before. Even the
parameters of first cavity in the table are not used (colored in dark grey), the user has to specify the cavity position, as
it will be used as a position of the emission plane.

The modulated current will be represented by individual bunches with constant charge distribution along the bunch.
The bunch separation is defined by the operating frequency and the bunch length is specified by the user in terms of
the operating wavelength RF phase by putting this value in ‘degree’ box.

In addition the user can choose, if the bunch should have velocity dispersion along the bunch length using the “chirp’
value. In this case KlyC will generate congregated bunch, where the velocity of the bunch head is lower than the
velocity of the bunch tail. The amplitude of congregation (0<chirp<1) will be used to generate the velocity dispersion:

U(ty) = Ugyer[1 + chirp - sin(wt —m)],0 < wt < 27

Iaver

I(ty) = S [sign(wt — 7 + am) — sign(wt —w — an)], @ = degree/360°

The average kinetic energy of the bunched beam is identical the equivalent DC beam kinetic energy specified in the
beam parameters table. In the next example we have studied how the RF power extraction efficiency depends on the
bunch congregation amplitude:
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8. KlyC internal optimizer module.

The internal KIlyC optimizer module supports Global and Local optimization routines, which are targeted to maximize
the RF power production efficiency. The variable parameters are the cavities frequencies tunings, the cavities positions
and the external Q factor of the output cavity. To operate optimizer, however, it is recommended that initial klystron
design shall be done manually to the extent, when the user decide that the design is already ‘good enough’.

The global optimizer uses a large group of individuals to be evaluated, which is rather time consuming. In this method,
each new generation is generated by its parental generation through selection, crossover and mutation operations to
ensure the improvement of fitness and diversity. The settings for Global/Local optimization shall defined in the
efficiency optimizer window:

Beam Fara. eff. optimizer
deltafft 0.01
delta z /mm 20
seperation /mm 30

-dCeiCe (0.2 +dQe/Ce (0.2
eff. LB 03| wvelc.LB 0.1
Max Ev. | 50| Individual | 30

First, the user has to specify the frequency and position variations boundaries (lines 1 and 2). Next, the cavity
‘separation/mm’ is used to avoid the situation when neighbor cavities come closer than this specified value (line 3).
The parameters window to modify the external Q factor can be chosen to be asymmetric (line 4). The tube layout for
every case in optimization will be saved (one by one) into project name_opt.txt file if the simulated efficiency and



the minimal velocity of the electrons in the output cavity area have exceeded the specified values of eff. LB and ve/c
LB (line 5).

To select between the two regimes, the user should use the bottom right switch (line 6). For the Local optimizer the
only one case to start is needed, therefore, the population size (Individual) is not used for this optimizer. Without going
into details, the Max Ev(olution) shall be set to be large enough (50), so that the user can control the process and abort
it manually by closing the optimizer process window if the saturation becomes obvious. For the Global optimizer, we
recommend that the ‘Individual’ value shall be large as well (30) and again to abort simulations at any convenience.
In the next example we have used the high perveance S-band tube, which was initially designed in 1D using the
‘classical’ bunching technique (efficiency 45%). Next, the consequent Global and Local optimizations have been
applied. After 3 days of optimization, the final tube has reached the efficiency of 67% and RF circuit layout was
converted to be consistent with COM (core oscillation method) type klystrons.

Global evolution process(abort by closing this window)

GA method

Beam Para. ‘eh‘. optimizer e

[ 17 mochiation azom |

T T
ui=mmmE

deltaf/f uf gl 1

1al | T moison e \ |
delta z /mm 20 . —r— l : ]
| | | B
seperation /mm 30 5 } 3
| g
| 8
5

-dQe/Qe +dQe/Qe N
eff.LB| 03| vec.lB| 01|
=

Max Ev. | 50 Individual | 30 0 —= 11,
0 50 100 150 20 20 %0 30 40 o 29 58 87 116 145 174 203 232 261 2

2 position /mm
evolu*er
Local evolution process(abo closing this window
G|0bal v g depth for nth harmonic current 07 P ( g ! )

R B
— 1th modulation depth
1.8 [ | = 21n medulaton dept
3th modulation depth

Global: genetic algorithm o= .
Local: pattern search | |

00 efiaciency O P G S
| 2 emtlo%8" 0 0,085 qoapoo0
oo = o0 ol o O o O Coo
- SfPa o Og
0gpOdoogo Og, 90 _OFO
05 S m d
o Qoo OP etho

s}
% (% oof8 ppoo o % 0D o ooo

| 2
| = 04
Fooco 5
| 5 o0 o o o
3 03
| [y
c
o
| L]
£
H

llznA1z0]
o
~
X

0%0 450 0 00 © cooO0OD
op @ o o
oo o oo ooooooo

8 028 g g

a
@
@ g o@ oo o
ﬁnnn (E@noo@mmomoo Cg
01 7 tnoD ooo0o 0 £¢1
O a0 0 4 o
o o

0.
0.
0.
0.

8
£
al
2
o

S band, pery.=1.9uP
3 days for optimization

5 100 150 200 250 300 350 400 450
Z poattion /mm 0 68 136 204 272 340 408 476 544 612 68(
evolution number

9. The batched jobs

In the case if the parameters sweep, sensitivity analysis or just a few different tubes need to be simulated
in an automated manner, one can use the batched job option. Each project (job) has to have its individual
o Klcinput file and all of them have to be placed in the same folder. To start such simulations, first open any
Prog.  of the stored kic projects. Next press on the ‘RunAll” button. The batched job toggle will turn ‘On’. The
on jobs will be executed one by one following the files names order. The simulations status is indicated by the
progress meter on the instrumentation panel. To interrupt the process one need to switch the toggle to its
‘Off” position and the simulations will be aborted when the running case is finished. The short summary
OF of batch simulations will be saved as ‘txt’ file, where some basic simulation results will be ready for
sweep  COMparison. For each individual simulation, the results can also be saved if ‘txt output” box is checked.



Appendix I. Field imported from other eigen solvers

Preparing data from CST:

1. Z direction should be the longitudinal direction and the gap center of the cavity shall be located at (0,0,0). The
cavity shall be introduced as an entire 3D object. No symmetry planes shall be used.

M| tome  Modeling  Simulation  PostProcessing  WView | 20/3D Plot
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Properties 30 Fields | Cutting Smart  Reset
= 0 (®) ) Al Tansparent

an 20 Plane | Plane (=) U (&) saling Scaling = Maf
Plot Properties

Sectional View

LD 122 X | B cavitybenchmarka [
L@ Comporents -
=€ componenti
o [l solid3

solidd

Colar Ramp and

solid6.
solidg
solids_1
53 Groups
L@ Materials
[g Faces
£ Curves
g Wes
£ Anchor Ports
£g Wires
[@ Vexel Data
-£@8 Dimensions
T Lumped Bements
5§ Plane Wave
- Farfield Sources
Tk Field Sources
D Pors
L Exciation Signals
Tk Field Monicors
[ Voltage and Cumert Monttors

-G Probes

Export ADS Component...
Setup ADS Co-Simulation...

m

Mode 1 E (peak)
Comporent: z
30 Maimum [¥m]: 197, 88+06
1,976764
0

Mode 1 E (peak)

Frequency:
Phase:

ﬁ Mesh Control 30 | Schematic
[ 1D Resuts Parameter List
[ 20/3D Resuks = ;
-85 Modes W Name Expression Value
-5 Mods 1 b 146.05 146.05
2@ e depth 0 0
e X an 12.25 12.05
9p
fe v Lc 36,1788 36.1788
ke B 1" 2043 n
[ Ab:
h Abs
12 3093426392515 3934263925815
}s8 Normal
|8 Tangential r© 20 2
©-G h Lfm 1082 1082
[ Surface Cument wih 10 10
Energy Densty
B2 F;,ﬁp‘dqﬁ < | Parameter List | Resulk Navigator

2. After the simulation is finished, plot field distribution for the selected mode.
3. Export plot data using Plot Data Export module

Savein: ), CSTworkspace - @ ¥ e @
= Name

-~ | cavityefieldvl txt
RecentPlaces | | it efield.txt

] ESScavity6pic.tt 5
| B saiaion Settings for 20/30 Plot Data Export

Desktop || ESScavitydpic.txt
|| ESScavity3pic.txt

: ;] ESScavity2, () Number of steps fixed
= || ESScavity2pic.txt

Libraries | ESScavitylpic.tet @) Step width fixed
|| ESScavityZeig.tt -_Cancei
A | ESScavity6eig.txt Stepwidth

Computer L] ESScavitySeig.ot Same step width for al directions
) Esscavitydeigat

|| ESScavity3eig.tt . -
| Newse  Dlsscrinzeigsa Dx: 549 Subvalume
| Pzt

= 2o SubVolume:
Ep

] Esz22.00 #min; 49,934 Amax: 49,934
L Esz21.6

B 20t [ 4093426392581 | 48.9342639258 1!
| Esz19.ba
LEsmBn Wimin: 49,354 ¥max: 49,934

J

[ 4093426302581 | 48.93426392581
File name: cavityefieldv 1 ba

Savesstwe:  [ASCICEO) Zrin: 83,025 Zmax; 63,025
[#3.025 | [s3.02 |

Crrrr— alue Description e

=il

- Choose the name to save to the txt file. Choose the “Field in volume” at the bottom line.
- Choose the region (cubic sub-volume) and output precision (plot mesh) before pressing OK.
- Choose the name to save the txt file. (cavityefieldvl in this example)



X [mm] y  [mm] Zz [mm] ExRe [v/m] EyRe [v/m] EzRe [v/m] ExIm [v/m] EyIm [v/m] EzIm [v/m]

-20 -20 -66 0 0 4] o] 0 0
-19 -20 -66 0 0 0 0 0 0
-18 -20 -66 0 0 0 0 0 0
-17 -20 -66 0 0 [} Q 0 0
-16 -20 -66 0 0 [} ] 0 0
-15 -20 -66 0 0 0 0 0 0
-14 -20 -66 0 0 [} ] 0 0
-13 -20 -66 0 0 [} ] 0 0

The generated data file (see above) shall be modified to be recognized by KlyC:

1. Delete the text header.

2. Remove the columns 4,5,7,8 and 9, so that column 6 will become column 4 (do it in Excel for example). The
processed file shall be save into the folder where the project is located.

In the CST eigenmode solver, the stored energy for any resonant mode is normalized to 1J by default. If one will use
some other method to generate filed distribution, the stored energy of resonant shall be calculated.

Put the name of the text file (without extension) with modified filed distribution in the last column of the cavities
parameter table (x,y,z,Ez) at a position of selected cavity and specify the value of stored energy (in joules) in the We(J)
column. Run the ‘update cavity’ to see if the import was successful and KlyC has calculated R/Q and M of the cavity.
Use the value of Qin simulated in the CST in the cavity parameters table.

Mj cavityefieldvl .txt - Motepad
File | Edit Format Wiew Help

=10 -19 -0b 0

-4 -149 -0b 0

-8 -19 -bb 0

-7 -19 -66 0

-0 -149 -0b 0

-5 -19 -bb 2421.04

-4 -19 -66 7918, 65

-3 -19 -0b B0B9. B2 ~ -
-2 -149 -0b 9290, 88

-1 -19 -66 12181.9 We(J) (x,y,z,E2)

0 -19 -66 148946, 3

1 19 66 12181.9 HoRst

2 -19 -06 az290. 88 1| |default

3 -19 -66 8089, 82 1| |default

4 -19 -66 7918.65 1| |cavityefieldv1 check
5 -149 -0b 2421.04 u
] -19 -66 0 1| |default

7 -19 -66 0 1| |default

8 -149 -0b 0

2! -19 -06 0

10 -19 -66 0 =

Preparing data from HFSS

1. Generate the volume E-field plot of the chosen mode.
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2. Choose the calculator in the post-processing menu.
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2. Vector_E shall be copied to the stack before activating Export button.
3. Export field data by selecting a specific cubic region as shown above.
4. Change the type of exported data file to .txt and open it:
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Note, that in HFSS that the geometry is normally specified in m. Next:

1) Delete the text header (the first 2 rows).

2) Delete columns 4 and 5, so that Ez(V/m) will become column 4..

3) The data in the first 3 columns shall be multiplied by 1000 to convert m into mm.
In the HFSS eigenmode solver, the stored energy for any resonant mode is normalized to 1J by default. Next, follow
the same sequence as it was explained above for the CST case.



