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m’ch@ Design Problems

*Field & particle Analysis

*Parametric Optimization
Structural Synthesis

*Tolerance Analysis



Comparative features of different
numerical methods

Method

FDM

FEM

BEM

Matrix Solver

Iterative

Iterative, Direct

Direct

Matrix dimension
2D
3D

10*
10°

10°
10-10°

10?
10710°

Advantages

e Uniform
operations;
e Simple struc-
ture of the mesh

e Flexible

boundary-fitted

mesh

e Analytical
integration over the
element’s volume

1. High accuracy;

2. Open boundary;

3. High-order
derivatives;

4. Edge singularity

5. External
asymptotic;

Disadvantages

Less accuracy
for complex-
shape regions

Complex mesh-
generator in 3D;

1. Dense matrix;
2. More complex
analytics




Boundary Element Method for
Stationary Problems

An 1ntegral representation for the electrostatic potential
at observation point  1s a sum of the surface sources
with the density © and space charge density

v (PY )y wresF eV, R=[F -7

R

Applying the Dirichlet, Neumann conditions “and
continuity of electric induction at the boundary gives a
set of integral equations for unknown function

VuBID e var an.
"’_’”(7977)‘




Parametric representation of the boundary

N
S=US,.x=x.(z.n),y =y,(z.,n),z = 2, (z.,1),dS = J  (z,m)d 7,
k=1
Polynomial approximation for surface sources

o(r,n)=
{[O-ij (r—7,.)+ R (7, — T)](U - 77]-1) + [O-i,j—l (r—7,.)+ O, 1,1 (7, - z-):knj - 77)} /hfhn )

Linear system G ¢ = F with matrix elements

)J(r ,n)dr dn.




Multi-flow Gun for Klystron

-J-‘—JF'_'_

magnetic circuit | anode holes
beam

Simulation of multi beam gun by TOPAZ 3D

no washes\15 kV without washes
ew\final with washers\no was

xxx.dwg
n, ny.prn, nz,prn da y 11-12-
Files of exte nxon.prn on.prn, nzon.prn dated b;
Bz_max= 92 3z_cath=24G
Ib=1.46A, V
ients for TOPAZ input file
0.0 m, dz=0.046 m, #4=0.0381, #1

Original & optimized beam envelopes



The results of sheet-beam gun simulation

Focusing
electrode

Emitter

Anode




Diode; triode & grid guns

1onal Model
Computational Models Gun Prototype, Calabazas Creek, Inc.



Non Elastic Collisions in Gas Filled Diode

Name of reaction

Hydrogen ionization 't;y"electrons

Recharging of H, on Hydrogen

Dissociation of H, in Hydrogen

Recharging of H' on Hydrogen

Hydrogen ionization by ions H,

electrons e” pl‘OtOHS Hydrogen ionization by protons

[onization by Hydrogen atoms H

Ionization by 'Pmlgr'drogen molecules

_ﬁoughing of Hydrogen atoms

Roughing of Hydrogéh molecules

. Current multiplication. Blue — 1D model,
Reaction trees

green — ionization; red — ionization+recharging



Frequency-domain Electrodynamics

WSEIRIEELO IS 0 F, = —iwB,, rotH, =iwD, +J,,

Integral representation 1 ,
S E(P)=——[[1,(0)G;,(P.0)] dS,
S

H(P) = —i j [Jﬁ (O)G., (P, Q)]n dS,

Green functions Gy = [aV ¢] B, ¢=cos(kR)/R,

1 0 +(aR)(ﬁR)(82¢ 1 0¢

Gﬂ’l — k R
i (aﬂ)( ¢+kR aRj kR> | OR?

Integral equations
1 m m

H,(P) = o [ Q)G (P.O) -~ H, ()G (P.O) aS,,

1

H (P)=
(F) Q—-4r

[[H.)G},(P.0) - H,(0)G}.(P.0) dS,,



CAD System TOPAZ

Eigen mO ES\Of For Physical Electronics Devices

RF cavities

The codes MAXWELL-2 and
MAXWELL-3 can simulate
azimuthally harmonics and 3D
modes of oscillations

CcCAD Systenm ""TOPAZ™. 3D relief of magnetic field ECALE
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Time-domain Electrodynamics




RF-gun design for LCLS. The code MAXWELL-T

UV Laser Light 251001, RF-gun

6.0

4.0

i : :
0. 5.0 10.0 15.0 20.0

z, cm beam

RF Photoinjector 10 ps, 1 nQ bunch dynamics Electric field distribution

— Myl

— Ivtawal
Parrmcdo-LARNL

— Parmele-LICLA

Transverse normalized

emittance vs. z Space charge distribution Space charge profile



Transverse charge distribution

TEM 0,0 Ref3D12 at El{ TEM 0,1 Ref3D13 at El.1 ; Ref3D12 at exit Gun 4.3647 mm.mrad Ref3D13 at Exit Gun & =8.4245 mm.mrad

TEM 1,0 Ref3D14 at EI1

At the cathode At the exit



Beam Optics

Klystron gun design using different numerical methods

Time= 0.0111 n=

Non Stationary problem. FDM + PIC.
The code “MAXWELL-T”,
The code “POISSON-2". T=5" Mesh: 400x500. Np=3500, T= 65”

Stationary problem. BEM.




Time-of-flight Mass-Spectrometer

Portable high resolution TOF MS for analysis of Green-house gases

,,,,,,,,, i . Target

) Spiral-Quadruple Lens I

— Y
Detectors ( ; =), 9°

S\ A

,I Deﬂec;tron @

Lens 2 Refknce Gun

Lens
Spiral-Quadruple Lens

Temporal Resolution for Green-house gases

3 Temporal Resolution ==l
899 OO0 OO O Cr——r O 1O (O




Dark Current simulation model

Field emission Secondary emission

64232 2 [653x10°9" — = § + n+
Jf(V,t)Zl.54><10( @J@e( P e el R

¢

Secondary emission Lye-Dekker model
spectrum



SLAC X-band TW-structure

30-cell structure, Distributed mesh for parellell
11.424GHz, G=62MV/m Mawxell solver

e B2 BE BE By B BeoSaerioel B DR

Transient EM-field. Electric field
overshoot for rise-time 15 ns

Dark current evolution. Red-
primary part., green —secondaries



NLC Dark Current Pulse

Dark current pulses were obtained for the FIRST TIME from
Track3P simulation for direct comparison with measurement

Dowrestream Dark Currart: 30call Belbi=40 Dark current @ 3 DUIse risetimes

— 10n=RT
— 18n=RT

— 0nsRT 200k‘|' T T y T L R T 1
0

Section Input | | Section lnput | L Sectionlnput |

-- 10 nsec

B
mv = ~| M; Wm'
-- 20 nsec 00 |J
| o]
i

- 15 nsec =200 [Sect'jon Cl)utp[ut N P [ Secton Oufpuf
ksl

: Dark Cument | Hﬁ [ Dark Current

T
sl TR = gl Y T S N

83 -167 " 83 -167
7227A1 25 ns/div

Experimental.data.by J.Wanq

of the KF pulse for 30-cavity TW section tests.

[ Dark Current




X-Ray spectrum simulation for
Square bend waveguide

X-Ray Attenuation, Cu -5 mm

100000

Square bend waveguide & EM fields

/\

25000 50000  75000E, eVi000C0 125000 150000

X-ray energy spectrum. Experimental
data by C. Adolphsen, simulation by
V. Ivanov SRE




cavities

Multipactoring in super conducting cavity
Multipactoring effect 1s the main factor limiting field gradient in SC
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Meshing for SNS Cavity

G =59 MV/m



Aberrational approach

Trajectory equation

rr* aW

r — =0,y =x+1iy.
81/} d

% * 2
Field expansion @(r,z) = O(z2) —%CD”(Z) + (rg 4) O (z)—---
Paraxial equation "(2)u' " N o
q N O'(z)u N O (z2)+ p(z2)/ &, ++/q/2mB_(z) o)

D(z)+e, D(z)+ ¢,

Idshils LIRSl U(z,) =0, w(z,)) =1, U'(z,)) = 1/\/5 , W(z,)=1/R..
Aberrational expansion

r=.Je v’ +rwe’” +.c e He +r,\e. Ke” +&?Be +./c & _Pe +

re.Qe’ +1’ e [Cei(zﬁ_“) + De™ ] +7,E, [Fei(za_ﬁ) + Geiﬁ] +I E A+



High-speed streak camera Infrared image converter

] X-ray liage Tube




Optimization Problem

Objective functional

F, {F(z‘j), E(@), H(ﬁ)} — min(i e U)
Constraints F { 7 (i), E (i), F[(ﬁ)} <0, i=1n:
F {7 (), E(@). H ()| =0, i=n,N:

Optimization domain U:

Original equation IGQGPQdSQ + ﬂGP = Up,
S

pseilll | 50,G .S, + 450, = 6U, - [ 0,0G,,dS,,
g S

variations




Types-of the geometry
perturbations

First order harmonics Zero order harmonics Second order harmonics

Stretch Shift Elliptical deformation




Boundary problems

IANREESGENSM (7, 2,0) = D(2) + ) @, (r,z)cos[m(6 +6,)]

m

m

' ol o’ 10 m’
Helmholtz equations |l SR Lo =p,

or* oz* r Or v

with the boundary conditions




Algorithms of BEM

Integral equation

[ 0.0 G,,(P.0)dS=U,(P)-[ p,()G,,(P.0)aV.

o,(P) _

5 1 nQ)0,, (P.Q)dS = £, (P) - [ £,(0G,,(P.OYV.

cos(mb)db

2 "2 ’ N
ro+(r')y =2rr'cos@+(z—z')

oo [7? +(r')? =21 cos O+ (z —2')° ] |




Boundary Variations for the
Electron Optical Device

a, — change of the tube diameter; a, — change curvature radius for
the cathode ; a; — change of the radius for the anode hole; a, —
change of the outer radius for the anode cone; a5 — change of the
cathode-anode distance; a, — change of the cathode-anode distance



Non perturbed potential and  v/ariation of the cathode radius (m=1)
derivatives

Perturbed field for varying Rc




Numerical results for the tolerant
defects-a, mm

Resolution mm-!| 70 60 50

Cathode dia, mm | 18-80 | 18-80 | 18,25 40 80
a 0.01 0.03 0.05 | 0.07% 0.08
a, 0.04 0.1 0.2 0.02 [ 0.17
a, 0.04 0.1 0.2 0.02 1 0.17
a, 0.007 | 0.02 0.03 | 0.03 | 10.04
as 0.01 0.04 0.06 | 0.08 0.1
ag 0.1 0.2 0.4 0.5 0.7




Structural Synthesis

Classical approaches

Scherzer series
Numerical instability;

o(r,2) = Z( ”U O (2), D(2)=p(0,2)

. Conformal mapping P _1 j f(z+ircosa)da.
Mapping singularity; 27

. Finite-difference approximation for the Cauchy problem.
Numerical instability;

. No additional requirements (like constraint functionals F));

. No tolerance analysis.



The 1deal analytical model and
the practical Pierce gun

p(r,z)=C(r*+ z*)*" cos (arctg r

=
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1- heater; 2 — cathode; 3 — focusing electrode; 4 — anode; 5 —
ceramic insulator; 5 — collector.




The results of classical approach

The absence of technical constraints in classical synthesis produces
the solutions unrealizable in practical manufacturing.

A Areas unsafe for the vacuum breakdown




New formulation of the synthesis

problem 1s suggested

Obtain the Cauchy data ®(z) by minimizing the
objective functional F,

Introduce 3 types of surfaces: a) fixed-shape
electrodes with the boundary conditions; b)
surface with the Cauchy data and c¢) “skeleton”
surface with the field sources (charges, dipoles).

Determine the field source values from the
solution of mixed boundary/Cauchy problem,;

Obtain the electrode shape from the map ¢.=c;
Obtain the real shape 1n the “tolerance range”.




Algorithms of BEM

Boundary conditions

Cauchy data on the axis
y (D‘SO — (D(T)D

Integral equations (mixed formulation)

w(s) = jm J(t){a + ﬂa%}c;a (5,0)dT + 270(s) +

J. V(t)[a +f %}Gv (5, 6)dl + 27v(s),

D(7) = jm o ()G (s,0)dT + L v(6)G, (s,0)dT + 27v(s).



Approximation and linear system

Green functions (single & double lyer potential)

G :rK(k)’ S =(r+r) +(z-2)°,
g0

G =1 {L[MEU()—K(IC) cos(ﬁé,,)+Mcos(ﬁéz)}.

gL | 2r o (r—r) +(z-z')’

[Linear Problem 1in weak formulation

R=(X G —F)D(GX —F) - min




The Synthesis of Matching Lenses

Ideal lens Aperture hole a=0.3  Aperture hole.a=0.4

Critical aperture: a, = \N2/3(1— /10) ~ (0.4463.




The Synthesis of Single Lens

Ideal Lens Aperture hole a=0.25



The Butler Lens Forming an
Ideal Cylindrical Beam

W =0.09 .

Beam parameters : U=4KeV; P=0.55uA/V>372



are suggested;

Set of precision methods and algorith
implemented. Their effectiveness was
demonstrated for different application area

arc

The numerical tools and computer codes for
and 3D problems are successfully used in prac
design during more than 30 years. Many unique
devices have been constructed using numerical
design.
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