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GSI SIS18 Ferrite Cavity

Main benefits of
ferrite cavities:

I reduction of wavelength
⇒ more compact cavity

I modification of resonance
frequency in a wide range
SIS 18 cavity:
∼ 0.6− 5 MHz
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GSI SIS18 Ferrite Cavity
Main components

y
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∼
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Fundamental relations

Assumptions: |~Hd | � |~Hbias|, effect of hysteresis negligible

~B(t) = µ0µbias~Hbias + µ0
↔
µd
~Hd (t) = µ0µbias~Hbias + µ0

↔
µd Re

(
~Hd · e−iωt

)
I Maxwell’s equations: ∇× ~Hd (t) = ∂

∂t
~D(t)

∇× ~E (t) = −µ0
↔
µd

∂
∂t
~Hd (t)

I Eigensolutions determined by:

ε−1∇×
(
µ0
↔
µ
−1
d ∇× ~E

)
= ω2~E

Boundary condition: ~n × ~E = 0 on cavity boundary
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Permeability tensor

[D. Polder, Phil. Mag., 40 (1949)]Aim: Determination of permeability tensor
↔
µd

~Bbias =µ0

(
~Hbias + ~Mbias︸ ︷︷ ︸

=:µbias~Hbias

+ ~Hd (t) + ~Md (t)︸ ︷︷ ︸
=:
↔
µ d
~Hd (t)

)
=µ0µbias~Hbias

~Hbias ~Mbias =
∑

i ~mi
|~H|

|~B|

0

P

Hbias

Bbias
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Permeability tensor

[D. Polder, Phil. Mag., 40 (1949)]Aim: Determination of permeability tensor
↔
µd

~B(t)=µ0

(
~H(t) + ~M(t)

)
=µ0

(
~Hbias + ~Mbias︸ ︷︷ ︸

=:µbias~Hbias

+ ~Hd (t) + ~Md (t)︸ ︷︷ ︸
=:
↔
µ d
~Hd (t)

)
=µ0µbias~Hbias + µ0

↔
µd
~Hd (t)

Equation of motion for magnetization:
d~M
dt = γ

(
~M × ~H

)
+ α

M0
~M × d~M

dt

~H ~M

⇒ ↔
µd

(
~Hbias,ω

)
=

 µ1 iµ2 0
−iµ2 µ1 0

0 0 1

 ; (for ~H = Hbias ·~ez )

µ1,2 = µ1,2

(
~Hbias,ω

)
; Im(µ1,2) 6= 0 (including magnetic losses)
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Calculation of eigenvectors of biased
ferrite cavities:
Finite Integration Technique

ε−1∇×
(
µ0
↔
µ
−1
d ∇× ~E

)
= ω2~E

Discretization by Finite Integration Technique (FIT):

M−1
ε C̃M−1

d ,µC_e = ω2_e

I permeability tensor Md ,µ:
I non-diagonal
I dependend on ~Hbias and ω
I if magnetic losses included:

I requirements on eigensolver:

⇒ non-linear
⇒ non-Hermitian
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Calculation of eigenvectors of biased
ferrite cavities:
Concept

Magnetostatic solver Eigensolver
M−1

d ,µ

I calculation of bias magnetic
field

I determination of permeability
matrix M−1

d ,µ

I calculation of eigenfrequencies
including ~E- and ~B-field

General requirements:
I support of non-linear material
I support of lossy material
I parallel computation with distributed memory (scalability)
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Implementation
(Finite Integration Technique)

Modeling
Meshing

Visualization

CST STUDIO SUITE®

Magnetostatic
solver

Eigensolver

C/C++ (PETSc)

M−1
d ,µMµ−1

Mε−1

~H, ~B

~E , ~D
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Implementation (FIT)
Magnetostatic solver: Hi -algorithm

Decomposition of ~H-field: ~H := ~Hi + ~Hh with ∇× ~Hi = ~J and ~Hh = −∇ϕ

1. solve
∇× ~Hi = ~J

~Hi may be unphysical

2. solve linear equation
∇ · (µd∇ϕ) = ∇·

(
µ~Hi

)
[=̂ ∇·~B = 0] for ϕ

3. calculate

~H = ~Hi −∇ϕ

stop |µn−µn−1|<δ
4. compute

µ(|~H|) and µd (~H)
(cheap approx. µd = µ)

no

yes

Non-linear material: ~B = µ(|~H|)~H ⇒ non-linear equation⇒ Newton’s method

|~H|

|~B|

0

P

H

B
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Implementation (FIT)
Eigensolver: Jacobi-Davidson (with target value)

Basic idea
V = [v0]

1. initialize

M = V ∗ · A · V
=

2. reduced system

M = S ·diag(θ)·S∗
=

3. solve eigensystem

(I−uu∗)(A−τ I)(I−uu∗)t = −r
[u = V ·Si ] =−

5. solve correction equation

r = A · V·Si−θiV·Si

= −

4. calculate residual

|r |≤ε?

eigenpair (V ·Si , θi )
found

no

Vn+1← [Vn : t ]

←

yesby far most expensive part
⇒ good preconditioner required
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Verification of the magnetostatic solver

I test model: iron cylinder in external homogenous
magnetic field ~Hext = H0 · ~ex (c.f. [Wagner])

I analytical solution:
homogenous field inside cylinder ~Hin ∝ ~Hext

e.g. H0 = 106 A
m ⇒ µ0

r = 12.99 (interpolation method "straight BH-lines")

R

~Hext

x

y

z

for cells inside cylinder with√
x2

i + y2
i < 0.8 R

Ncells,cylinder: number of mesh cells

for diameter of cylinder +

+

+
+ + + + + + +

10 1005020 2003015 15070

0.50

0.20

0.30

0.15

0.70

Ncells,cylinder

max
i
|µi

r − µ
0
r |/µ

0
r

accuracy goal
for µr : 10−6

PBA

Ncells,cylinder = 28
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Verification of the Jacobi-Davidson eigensolver
Linear eigenvalue problem

test model: Eigenvalues ω of vacuum sphere (radius 1 m)

analytical solution: R = 1 m

2nd smallest eigenvalue: ω0 = 2π · 184.6624 ... MHz with degree of degeneracy 5

+
+

+
+

+

+

+
+

+
1 5 10 50 100 500 1000

2 ´ 10-4

5 ´ 10-4

0.001

0.002

0.005

0.010

max
i
|ωi − ω0| /ω0

Nmesh cells/103

accuracy goal: 10−9

PBA
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Verification of the Jacobi-Davidson eigensolver
Non-linear eigenvalue problem

I test model: (|~Hext| = 2750 A
m ; µr = 7)

lossless, ferrite-filled cylindrical cavity resonator
longitudinally biased by homogeneous magnetic field

I semi-analytical solution available [Chinn, Epp and Wilkins] ~Hext
z

y

xL = 2 m

R = 1m
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Conclusion and outlook

I Final goal: calculation of eigenvectors for biased ferrite cavities
1. Magnetostatic solver (non-linear material):
⇒ permeability tensor

↔
µd

2. Eigensolver (Jacobi-Davidson):
⇒ non-linear complex eigenvalue problem

I Status (4) and future plans (8):
sequential parallel

Magnetostatic solver (linear) 4 4
Magnetostatic solver (non-linear) 4 8

Eigensolver (real, linear and non-linear) 4 4
Eigensolver (complex) 8 8

combined solver 8 8
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