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What is a 

 5

???
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by intention (found 

somewhere @HZB)

BESSY II’s four main 500 MHz cavities

Gun1.1–cavity prepared for 
vertical testing

Transverse-Deflecting cavity (TCAV) in 
bERLinPro’s diagnostic beam line

TESLA-9-cell cavity (for display purposes)

Cornell-style bERLinPro booster 1.3 GHz-2-cell 
without tank
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(found somewhere 

@HZB)

Collimating Shielded Bellow for BESSY-VSR-Upgrade

below in bERLinPro’s temporary 
replacement beamline

Dielectric windows in the BESSY-VSR upgrade fundamental power coupler 
construction (courtesy Emmy Sharples)

Draft of BESSY-VSR end group

unwanted

Collimating shielded bellow, inner radius 26 mm 

42
Abb.: 3.6.4: M
om
entaufnahm
en des elektrischen Feldstärke-Betrags kurz bevor der Strahl die Struktur verlässt 

(oben) und ca. 7 ns später (gleiche Farbskalierung). M
an erkennt neben der stark strukturierten Feldverteilung, 

die Kohärenzen m
it dem
 Strahl sehr unw
ahrscheinlich m
achen, eine leichte Feldlokalisierung im
 Abzw
eig und 

nahe der Pum
pstutzen.  

Abb.: 3.6.5: M
erger-Sektion m
it (von links) Eingang in elliptischem
 Q
uerschnitt (70 m
m
 / 40 m
m
), Pum
pstutzen, 

schrägem
 D
urchschuss, zw
eitem
 Pum
pstutzen, Z
usam
m
enführung und Verengung auf kreisrundes Strahlrohr m
it 

D
 =
 40 m
m
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The tool box:   You should have …

an eigenmode solver to 
determine the natural 

resonances of a closed 
cavity 

a frequency domain solver to 
compute the reaction of a cavity or 

an open structure on externally 
given driving excitations 

a wakefield solver to observe the 
time-domain reaction of a beam 
line element on a driving bunch 
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The tool box:   … and you also may find useful:

an eigenmode solver to 
determine the natural 

resonances of a closed 
cavity 

a frequency domain solver to 
compute the reaction of a cavity or 

an open structure on externally 
given driving excitations 

a wakefield solver to observe the 
time-domain reaction of a beam 
line element on a driving bunch 

a (self-consistent) particle 
tracker to perform (expensive) 
particle(/field co-)simulations in 

time domain 

a thermal solver to compute 
temperature and conduction/

(convection/radiation) heat flux 
distributions a mechanical solver to calculate 

elastic(/plastic) cavity 
deformations based on Lorentz-/

pressure/tuning forces + 
mechanical eigenmodes

an external programming 
environment for other 

evaluations of exported 
field data

For those purposes I recommend the following software brands:
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… page intentionally left free, because …
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The tool box:   You should have …

an eigenmode solver to 
determine the natural 

resonances of a closed 
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What is an „eigenmode“ of a cavity? — rather a strange thing:  

 16

1. It exists inside an entirely closed cavity, made of some Perfect 

Electric Conductor (PEC, which is a fiction).  

2. It exists with non-vanishing amplitude without any  
energy source (which sounds profitable).  

3. It oscillates infinitely long with a pure single „eigen“-frequency 

(which is said twice).  

4. It has an infinite number of companions (most of them 

fortunately of less interest). 
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1. It exists inside an entirely closed cavity, made of some Perfect 

Electric Conductor   

2. It exists with non-vanishing amplitude without any  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3. It oscillates infinitely long with a pure single „eigen“-frequency 
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but constantly decaying

complex



H.-W. Glock, HZB

… so, let us compute some eigenmodes …

 18
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… so, let us compute some eigenmodes of a:
– 7-cell elliptical cavity

– strongly HOM-damped with 5 waveguides

– a fundamental power coupler

– and a beam pipe
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– which is going to be placed in a chain of identical neighbors, so 

we would like to study the beam-pipe-coupling as well
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We need:
1.) the cavity (+ waveguides + coupler) shape, either CAD-constructed 

externally or composed using the geometrical primitives of the field 

solver

 21
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We need:
2.) some virtual absorber simulating well matched 

waveguide(/coax) terminations

 22

… using a virtual material of ε’r = μr = 1, thus keeping vacuum wave 

impedance to avoid reflections, with a conductivity σ = 0.5 1/(Ω m) to 

dissipate the power 
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We need:
2.) some virtual absorber simulating well (better -25 dB) 

matched waveguide(/coax) terminations

 23

… by the way:  Which kind of computation results in S-parameters ? 
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We need:
3.) boundary conditions, which define field behavior where the structure 

touches the borders of the computation domain, here: everywhere 

Perfect Electric Conductor (PEC) like the background material, short-

cutting every tangential electric field (like a good conductor)

 24

… by the way:  What would you think is a PMC ?
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We can (in this case) take profit of:
3.) a structure’s symmetry plane, by defining one of the two different kind 

of fields only possible under those conditions. 

 25

… by the way:  What kind of fields do you expect if Etangential = 0  in the symmetry plane?
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We need:
4.) a mesh to reduce the problem to a finite number of unknowns. Most 

common is a volume discretization in irregular tetrahedrons 

 26
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We need:
5.) some parameters to control the solver, especially how many modes we 

are looking for starting at which frequency: 

 27

… by the way:  How many modes can exist in a cavity ?
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We get (after 760 s @ 12core Xeon© E5-2643v2, 3.50 GHz, allocating ~14 GB RAM) :

1.) a list of mode frequencies (here together with Q-values, cave: volume losses only)

 28

… by the way:  Which order of Q-value do you expect for a good copper cavity ?
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We get :
2.) a list of according eigenmode field (E-, H-, energy density, surface 

currents) patterns

 29

… by the way:  How are the currents in the cavity (inner) surface correlated with the H-field 

directly above  ?

Attention: Complex-valued fields have real and imaginary part, i.e. a phase. 

Phase 0° not necessarily means highest field values.
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We get :
3.) an idea how well the theory of identical resonator chains apply 

 30

… by the way:  How can we compute the missing modes of the passband  ?
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We get :
4.) a lot of further fancy post-processing information

e.g. logarithmic-scaled surface current density

 31
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We get :
4.) a lot of further fancy post-processing information

the electric field distribution close to the coupler tip
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We get :
4.) a lot of further fancy post-processing information

leaking of the fundamental mode’s H-field into the beam pipe

 33
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We get :
4.) a lot of further fancy post-processing information

cavity-cavity coupling of the fundamental mode 

 34
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We get :
4.) a lot of further fancy post-processing information

(numerical) field flatness

 35

… by the way:  Which kind of experiment gives this information for a real-world-cavity ?
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We get :
4.) a lot of further fancy post-processing information

(numerical) field flatness

 36

… by the way:  Is the R/Q-value depending on the test particle’s velocity ?
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Cavity-cavity-connection:  Something similar to this ...
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Description of suggested curve: the value at RT (293 K) is given by the 
ASME code (6) then thermal conductivity at 273 K has been assumed to be 
the same as that given by the ASME (273 K is often considered RT as well). 
The thermal conductivity values between 273 K and 100 K have been 
extrapolated and from 100 K and 4 K the NIST correlation (4) has been used 
to define the thermal conductivity of 316SS when cooling down. 
 
Other sources consulted for comparison include: I. Gonin (7) and (8), R. 
Wands (3), ASME (6). 
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Description of suggested curve: Materials at low temperature (1). 
Other sources consulted for comparison include: (1), (8). 
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steel 1.4404 (316L)

* proposal André: attach LHe-4K-lines @ bellow flanges
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An engineering question, based on eigenmodes:
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Questions and inputs:

• How far to extend superconducting material from accelerating cavities into beam 
pipe?

• What is going to happen outside the LHe-vessel?

• Fundamental mode surface resistance Rs(T) and thermal conductivity λ(T) 
strongly depend on temperature. ⇒ Severely non-linear problem

• 1-dimensional approach to keep effort reasonable but gain "feeling" (also provide 
benchmark for any 3-dim). 

• Include distributed fundamental mode losses, concentrated heat flux from "nc 
bellow" and fixed temperature boundary at "LHe bath".
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Fundamental Loss Calculations 

– eigenmode computation of fundamental mode, Htan @ surface = jsurf

– sampling along axially equidistant circular paths, close to inner surface 
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Fundamental Loss Calculations II (old: July '15)

– taking average of circumferential field profiles to eliminate disturbances by WGs

– fit exponential dependence to sampled (average) values; compare to analytics 

Lo
g1

0(
H
φa

bs
/(

A
/m

)@
1J

s/mm @ r = 50 mm

Index of path;
d = 20 mm * index
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Fundamental Loss Calculations III

– scale field amplitude from CST-convention: "stored energy = 1 J" 

– for steel parts determine surface impedance from conductivity, frequency 
(, permeability) 

… by the way:  Is stainless steel „magnetic“ ?
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8

Fundamental Loss Calculations IV
– dissipated fundamental power (no wakes) per mm straight beam pipe length @ 

25 MV/m, steel 316L, excited by ONE cavity

– integrated over bellow (ignoring corrugation): 2.1 Watt

– hypothetically 20 mm closer to the cavity: 5.9 Watt

… by the way:  What is the Carnot efficiency for a refrigerator cooling from 300 K to 2 K ?
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Temperature-dependent thermal conductivity of niobium 

Supercond. Sci. Technol. 9 (1996) 453–460. Printed in the UK

Parametrization of the niobium
thermal conductivity in the
superconducting state

F Koechlin and B Bonin

CEA, DSM/DAPNIA/Service d’Etudes d’Accelerateurs C E Saclay,
91191 Gif sur Yvette, France

Received 5 February 1996

Abstract. Thermal conductivity measurements of niobium sheets manufactured for
deep-drawing of superconducting cavities have been gathered. Due to the differing
histories of the niobium samples and a wide range of metal purities
(35 < RRR < 1750), the data demonstrate a large scatter of thermal conductivities.
An attempt was made to obtain an analytical expression with realistic parameters
for the thermal conductivity between 1.8 K and 9.25 K. The set of parameters
deduced from a least square fit of experimental data is not very different from those
yielded by the theory of superconducting metals, taken as a starting point. This
should make it possible to obtain a reasonable estimate of the thermal conductivity
of niobium in this temperature range, once the RRR and the past history of the
metal samples had been determined.

1. Introduction

In recent years, industrial suppliers of niobium have made
an increasing effort to produce very pure niobium. The
main motivation was the increasing use of superconducting
RF cavities in particle accelerators. The thermal conductiv-
ity of the metal is an important criterion, which determines
the thermal stability of the superconductor. Consequently,
several laboratories, as well as manufacturers, have studied
the improvement of niobium purity by various processes,
including vacuum melting by electron bombardment and
post-purification by solid-state gettering. We have gathered
a large experimental database of niobium thermal conduc-
tivities at cryogenic temperatures and tried to compare these
results with a theoretical model.

We then attempted to adapt a semi-empirical para-
metrization of the thermal conductivity profile. The aim
of this work is to demonstrate that the thermal conductiv-
ity of niobium can be estimated rather precisely from two
sets of information, namely the material residual resistivity
ratio (RRR) and the knowledge of the material history (an-
nealings, cold working . . .). We believe that the resulting
parametrization will be useful for thermal model calcula-
tions describing the behaviour of various superconducting
niobium devices, including RF cavities for accelerators.

The theory of thermal conductivity will be summarized,
and the analytical form chosen for the parametrization
will be justified in the first part of the paper. The
experimental database will be discussed in the second and
the fit procedure in the third.

2. Theoretical model for niobium thermal
conductivity

The thermal conductivity of pure niobium at temperatures
lower than 9.25 K is given by the theory of metals, modified
in order to take into account the superconducting state. The
thermal conductivity of a metal is dominated by that of the
electron ‘gas’, but the lattice heat conductivity due to the
propagation of phonons, has to be added. This can be
written as:

K = Ke + Klattice.

The suffix g is used for the lattice and a suffix n or s is
added in order to specify the normal or superconducting
state.

2.1. Electron heat conductivity

2.1.1. Normal state. The dominant term in the thermal
conductivity is usually that due to electron conduction,
given for the normal state by [1, 2]:

Ken = 1/Wen = [⇢/L0T + a · T
2]�1

where Wen is the electron thermal resistance term, ⇢, the
residual resistivity, ⇢ = ⇢295 K/RRR, L0, the Lorentz
constant (L0 ⇡ 2.45⇥10�8 W K�2) and a is the coefficient
of momentum exchange with the lattice vibrations. The
first term in the expression for thermal resistance is due
to the scattering of electrons by impurities and lattice
defects whereas the second term describes the scattering
of electrons by phonons.

0953-2048/96/060453+08$19.50 c� 1996 IOP Publishing Ltd 453
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author ??, very recommendable source:  uspas.fnal.gov/materials/13Duke/SCL_Chap1.pdf

data close to Halbitter SRIMP, now online https://www.classe.cornell.edu/~liepe/webpage/researchsrimp.html
10

Temperature-dependent 
surface resistance of 
niobium 

http://uspas.fnal.gov/materials/13Duke/SCL_Chap1.pdf
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Temperature-dependent Nb surface resistance and thermal conductivity 

surface resistance ~ dissipated power grows faster than thermal 
conductivity ⇒ the colder, the cooler
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1-dimensional model of stationary heat flux
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1-dimensional model of stationary heat flux

essentially a series of heat flux resistors, 
unfortunately strongly temperature-dependent

and a chain of heat flux sources, temperature- and 
EM-field-dependent
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1-dimensional model of stationary heat flux:  sources

distances to 
reference plane

lengths of 
individual 
segments

average temperature of segments

beam pipe 
radius

artificial power scaling factor 
for easing convergence

temperature-dependent 
surface resistance function

temperature-dependent 
surface resistance function

position-dependent surface 
current density (cf. page 7)
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1-dimensional model of stationary heat flux:  sources II

additional power incident at the chain's end
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1-dimensional model of stationary heat flux:  iterator

define the power growth rate 
during iteration

do everything repeatedly and 
store all intermediate steps

compute new temperature 
distribution based on ...

... old temperature distribution ..., 

... T0 at leftmost boundary, here T0 = 2K, ...

... interval lengths, here 100 intervals of 1 mm length, ...
... table of interconnecting surfaces, here all 3 mm thick pipes of 
55 mm inner radius, ...

... overall scaling of powers, here no scaling ...

... additional power at the chain's end, here 8 W ...

... temperature dependent 
thermal conductivity, here of 
Nb RRR 270, ...

... iteration dependent scaling of power.

increment power scaling in every step by 1 ‰

start iteration with overall temperature of 2 K for all 
100 segments, initial power scaling 0.001

do 1100 steps

write iteration-dependent scaling as first entry;             show every 50th iteration;       show every 10th segment
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1-dimensional model of stationary heat flux:  typical result

show every 10th segment

write 
iteration-
dependent 
scaling as 
first entry

sh
ow

 e
ve

ry
 5

0th
 it

er
at

io
n

all temperatures in K

iteration stabilizes well after 1000 steps with increasing power and 100 more steps with 
constant power (probably also less steps sufficient); computing takes a few seconds
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1-dimensional model of stationary heat flux:  typical result

iteration stabilizes well after 1000 steps with increasing power and 100 more steps with 
constant power (probably also less steps sufficient); computing takes a few seconds

sh
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1-dimensional model of stationary heat flux:  different scenarios

Superconducting limit (almost) reached either by:

– 10 W additional power, 2 K reservoir temperature

– 8 W additional power, 4.2 K reservoir temperature

– 6 W additional power, 4.2 K reservoir temperature, 2 mm wall thickness

9.25 K

100 mm pipe of 110 mm inner diameter

3 mm (2 mm) wall thickness, Nb RRR 270

left (cavity) side at fixed reservoir temperature 2 K or 4.2  K 

ambient dissipation of left-to-right-decaying 25 MV/m 1.3 GHz π-mode

additional heat flux from right side 4 W to 10 W
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Conclusions:

fundamental mode decay in a D110 mm circular pipe causes ~ 4 W additional 
losses if the inner 150 mm (of 405 mm) are made of stainless steel 

 

a straight beam pipe of 100 mm length and attached to the 25 MV/m, 
1.3 GHz π-mode can be bridged remaining superconducting without 
additional cooling if

– a high RRR (here 270) is used

– wall thickness of 3 mm is used

– cavity side has reservoir temperature of 2 K (or lower)

– additional heat load remains below 10 W

so this combination should work with some safety (assumed that ~3cm of 
the beam pipe remain in the LHe tank)
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… so, let us compute some eigenmodes of a:
– 7-cell elliptical cavity

– strongly HOM-damped with 5 waveguides

– a fundamental power coupler

– and a beam pipe

 55

– which is going to be placed in a chain of identical neighbors, so 

we would like to study the beam-pipe-coupling as well

higher
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A wake-solver result: Impedance Simulations with variation of pipe length

– longitudinal impedance independent on pipe length ⇒ no pipe-trapped 
fields contributing

– few, but significant peaks; none of them on bERLinPro’s beam harmonics 
N·1.3 GHz, but two very close (@ ≈ 3.85 GHz, ≈ 5.15 GHz)

3.
9 

G
H

z 

1.3
 G

Hz 

Longitudinal (x-component)

2.4
 G

Hz 

5.5
 G

Hz 

3.8
5 G

Hz 



 57

Eigenmode computations close to 3.9 GHz

– no Q's > 2.5 ·104 observed

– set of relevant (R/Q)'s ~ 10 ... 30 Ω found

– close, but not too close to 3.900 GHz

resonance curves,
log-scaled
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Eigenmode computations close to 3.9 GHz

– TMφ=0, r=1, z=2 –type:  monopole, on axis longitudinal E-field

– f = 3.838239 GHz, Q = 2.286·104, R/Q = 31.4 Ω
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Eigenmode computations close to 3.9 GHz

– TMφ=0, r=1, z=2 –type

– f = 3.838239 GHz,   Q = 2.286·104,   R/Q = 31.4 Ω

TESLA-Report 1994-07
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Eigenmode computations close to 3.9 GHz

– TMφ=0, r=1, z=2 –type 

– f = 3.837035 GHz, Q = 1.166 ·104, R/Q = 16.2 Ω
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Eigenmode computations close to 3.9 GHz

– TMφ=0, r=1, z=2 –type

– f = 3.832267 GHz, Q = 2802, R/Q = 11.1 Ω
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Eigenmode computations close to 3.9 GHz

– TMφ=0, r=1, z=2 –type

– f = 3.815388 GHz,  Q = 758,  R/Q = 8.85 Ω: 

Low Q's are not necessarily harmless

 – weaker reaction, but covering broader 

spectrum !
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The tool box:   You should have …

a frequency domain solver to 
compute the reaction of a cavity or 

an open structure on externally 
given driving excitations 

 63
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„Frequency-domain“-field solver:  

 64

1. Excites a cavity-like or waveguide-like structure (or anything 

between) with at least one port through a monochromatic wave 

of given frequency and simulates the stationary (not: static!) 

response.  

2. Such a response is …

a) the electromagnetic field inside the structure, and …

b) the scattered waves at the port of excitation and at all other 

ports. By normalization with the incident wave amplitude, 

(complex-valued) S-parameters are computed.

3. It also computes (typically) the appropriate waveguide modes of 

the port(s) as solutions of 2-dimensional eigen-problem(s).  

4. Frequency spectra are computed by repetition (slow) or 

(sophisticated) model-order-reduction-miracles.
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Example: 

Double-plunger-tuned Cu cavity for transversal deflection

 65

single coaxial port feeding 

a (capacitive) antenna
design: M. Ferrarotto (TU Dortmund), F. Pfloksch (HZB) 

Task: Determine the internal field patterns and input reflection 

depending on plunger depths and antenna length.
(we will skip the multi-dimensionality, handled in practice by geometry parameters)

… by the way:  What determines the TEM-impedance of a vacuum coaxial line ?
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Frequency-domain-solver definitions 1:

Port location(s) and parameters

 66

most essential: How many modes to be considered.

… by the way:  What is the cut-off frequency of a TEM mode ?
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Frequency-domain-solver outcome 1:

Mode pattern(s) at the port(s)

 67

E-field H-field

… by the way:  What is the ratio E/H in free space ?
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Frequency-domain-solver definitions 1I:

Frequency sampling points/ranges, fields to keep, excitations 

 68

stored volume

… by the way:  How to compute a stationary H-field from a given E-field ?

frequencies excitations
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Frequency-domain-solver outcome II: Scattering parameters –

 in case of single-moded one-port device only S11 exists

 69

… by the way:  How much of the energy is reflected if |S11| = – 3 dB ?

Cavity dissipates most energy in the wall, if in resonance, i.e. minima of S11 

(1.2996 GHz and 1.3028 GHz)

20
 lo

g 1
0(

S 1
1)

bullets indicate sampling points,

interpolation follows ∑
a

(b − 2πf )
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Frequency-domain-solver outcome III: 

Complex-valued scattering parameters in polar representation

 70

One resonance close to matching conditions (slightly overcoupled), 

second not accordingly matched
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Frequency-domain-solver outcome IV: Field patterns for 

different driving frequencies

 71

… by the way:  What is a degenerated mode ?

Driven field pattern shifts its orientation and takes different amplitudes 

depending on the frequency.

20
 lo

g 1
0(

S 1
1)
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The tool box:   You should have …

a wakefield solver to observe the 
time-domain reaction of a beam 
line element on a driving bunch 

 72
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„Wake“-field solver:  

 73

1. Excites a cavity-like or waveguide-like structure (or anything 

between) with (typically) one traversing gaussian bunch of given 

length and simulates the time-dependent response.  

2. Such a response is …

a) the electromagnetic field inside the structure, and …

b) the outgoing waves at all ports, and …

c) the integral force, that would be experienced by witness 

charges following the bunch in fixed distances („wake 

potentials“)

3. It also computes (typically) the appropriate waveguide modes of 

the port(s) as solutions of 2-dimensional eigen-problem(s).  

4. Fourier-transformation of the wake potentials give „beam 

impedances“, integral deposited energy „loss factors“.
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Again for comparison: „Frequency-domain“-field solver:  

 74

1. Excites a cavity-like or waveguide-like structure (or anything 

between) with at least one port through a monochromatic wave 

of given frequency and simulates the stationary (not: static!) 

response.  

2. Such a response is …

a) the electromagnetic field inside the structure, and …

b) the scattered waves at the port of excitation and at all other 

ports. By normalization with the incident wave amplitude, 

(complex-valued) S-parameters are computed.

3. It also computes (typically) the appropriate waveguide modes of 

the port(s) as solutions of 2-dimensional eigen-problem(s).  

4. Frequency spectra are computed by repetition (slow) or 

(sophisticated) model-order-reduction-miracles.
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„Wake“-field solver:  

 75

1. Excites a cavity-like or waveguide-like structure (or anything 

between) with (typically) one traversing gaussian bunch of given 

length and simulates the time-dependent response.  

2. Such a response is …

a) the electromagnetic field inside the structure, and …

b) the outgoing waves at all ports, and …

c) the integral force, that would be experienced by witness 

charges following the bunch in fixed distances („wake 

potentials“)

3. It also computes (typically) the appropriate waveguide modes of 

the port(s) as solutions of 2-dimensional eigen-problem(s).  

4. Fourier-transformation of the wake potentials give „beam 

impedances“, integral deposited energy „loss factors“.



H.-W. Glock, HZB

Example (a really big one):  BESSY-VSR-upgrade module

 76

Task:   Determine the power to be damped in the 

waveguides and endgroups when operating in 

300 mA CW synchrotron operation

Warm End Group
(not recent design)
– absorber 
– cross section adaption 
– mech. compensation
– pumping

Module End Bellow
(not recent design)
– mech. compensation
– thermal insulation Cavity 1.5 / 1.75 GHz

– alternating bunch 
lengthening/shortening

Shielded Belows
– mech. compensation
– synchrotron light 

collimation
– while not affecting 

cavity Qs

… by the way:  How many bunches with 4 ns spacing are together in a structure of 5 m length ?
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How do wake fields look like (e.g. at the module end)?

 77

strong fields accompany the bunch  
(Lorentz-transformed space charge 

field: radial E, circular H)

Eabs, 17 ns

Czerenkov radiation cone in 
dielectric

field-free volume ahead the bunch 
(ideally only if vbunch = c0) 

Eabs, 18 ns

Eabs, 19 ns

scattered fields propagate 
up- and 
downstream

localized field patterns („modes“) 
ring and … 

… decay;  Q depending on energy 
sinks = ports, wall losses, 
dielectric losses)
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Side note: How damps the dielectric absorber the fields?

 78

dielectric εr = 45, μr = 1, tan δ = 0.44 @ 2.0 GHz vacuum εr = 1, μr = 1, tan δ = 0

Eabs, 17 ns

Eabs, 18 ns

Eabs, 19 ns

Eabs, 17 ns

Eabs, 18 ns

Eabs, 19 ns
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Side note II: Definition of dispersive materials needs care !

 79
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How develops the total energy in the system?

 80

normalized to maximum value = 0 dB

bunch enters the 
volume

field energy decays through ports, 
wall losses, dielectric losses …

scattering of field energy into the structure; 
re-fed out of infinite kinetic energy of 
STIFF bunch;

all loss mechanisms apply simultaneosly

bunch leaves the 
volume

… except of trapped fields, e.g. 
cavity fundamental modes



H.-W. Glock, HZB

So, what to tell the wakefield solver ? 

 81

1. the geometry, i.e. the inner vacuum, lossy metal 

walls, dielectrics

2. the boundary conditions, esp. at the beam pipes (preferably waveguide ports 

overlaying PEC) and large openings like pumping ports (preferably open 

boundary)



H.-W. Glock, HZB

So, what to tell the wakefield solver ? 

 82

3. the beam parameters
3a. the wake integration scheme (avoid „direct“ unless v < c0 or you can afford very long beam 

pipes !)

put it slightly off-axis to excite also dipole (quadrupole …) modes 

refine longitudinally as much you 

can afford to reduce „grid 

dispersion“ (15 lines/σ is ok)
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So, what to tell the wakefield solver ? 

 83

3. the beam parameters (cont.)

the longer the bunch, the lower the 

frequency range covered: σ = 14.5 mm 

correspond to ~ 7 GHz

relevant only for absolute field amplitudes

… by the way:  How scale wake fields if the bunch charge is doubled ?

things get difficult if v < c0
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So, what to tell the wakefield solver ? 

 84

4. the ports

particular definitions (esp. mode numbers) 

like in the frequency domain solver
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So, what to tell the wakefield solver   ? 

 85

5. the field monitors (very carefully = reduce volume or planes only, wide time 

stepping, otherwise you can fill up any storage medium)
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So, what to tell the wakefield solver   ? 

 86

6. check the mesh (hex-mesh only, constructed automatically and appropriate 

for the beam, but all geometrical details need to covered)

Ncells ~109 is close to the limit of 256GB / 12 core workstation; lengthen  

bunch as Ncells ~ (1/σ)3; computing time ~ (1/σ)4
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So, what to tell the wakefield solver   ? 

 87

7. the wake integration length Lwake. This determines the resolution of the 

impedance spectrum by Δf = c0 / Lwake . Lwake = 20 m corresponds to 

Δf ≈ 12 MHz
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So, what to tell the wakefield solver   ? 

 88

7b. If you only need a loss factor 200 mm wake length are sufficient, as kloss is 

determined by the short range effect only.  
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And what do you get out - most we already saw

 89

– except of the impedance

… by the way:  Which cavity modes should show the highest impedances ?



Supplement:

Continuous-Wave HOM Load Power Computations

Based on Single-Bunch Wake Simulations

 90
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2.) monitor (sufficiently many) waveguide mode amplitudes (dimension W1/2) at all 

ports: 

CST wake-to-absorber calculations (here bERLinPro Linac):

 91

1.) numerically pass a single bunch ((reasonably) off-axis) through the cavity (chain)

3.) ⇒ (single bunch) time domain port amplitudes
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2.) monitor (sufficiently many) waveguide mode amplitudes (dimension W1/2) at all 

ports: 

CST wake-to-absorber calculations:

 92

1.) numerically pass a single bunch ((reasonably) off-axis) through the cavity (chain)

3.) ⇒ (single bunch) time domain port amplitudes

port :  

(numerically) reflection-free terminated

field decomposition into waveguide modes of port cross 

section

safe all port/mode amplitudes during entire run for 

every time step
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2.) monitor (sufficiently many) waveguide mode amplitudes (dimension W1/2) at all 

ports: 

CST wake-to-absorber calculations:

 93

1.) numerically pass a single bunch ((reasonably) off-axis) through the cavity (chain)

3.) ⇒ (single bunch) time domain port / mode amplitudes
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2.) monitor (sufficiently many) waveguide mode amplitudes (dimension W1/2) at all 

ports: 

CST wake-to-absorber calculations:

 94

1.) numerically pass a single bunch ((reasonably) off-axis) through the cavity (chain)

3.) ⇒ (single bunch) time domain port amplitudes

"numerical" cavity is like a real cavity linear and time-

invariant

⇒ linear convolutions of excitations / reactions allowed

⇒ Fourier transforms allowed

(no wake integration schemes involved)
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How do we get the 

multi-bunch port/mode power Ppm (averaged over ΔT) 

from the single-bunch exited port/mode amplitude  Apm ?

 95

αpm(j) = Interpolate{ DiscreteFourierTr.{Apm} @ (j/ΔT) },  j = 1... Nmax ,   Nmax = fmax· ΔT 

1.) Fourier-transform Apm and interpolate it on frequency points (j/ΔT)

2.) Sample a single Gaussian bunch current of simulated σ, zero-padded to ΔT. Fourier-
transform, take the first Nmax values: 

γ(j) = DiscreteFourierTr.{Gaussσ+000} 

β(j) = DiscreteFourierTr.{bunchtrain} 

3.) Sample the given train of (Gaussian?) bunch currents. Fourier-transform, take the 
first Nmax values: 

Ãpm(j) = β(j) /  γ(j) · αpm(j) 

4.) Compute for each frequency step j the excitation-scaled, frequency-domain port / mode 
amplitude:

Ppm(j) =  Ãpm(j) · Ã*pm(j) 

5.) Compute for each frequency step j (of width 1/ΔT), the frequency-domain port / 
mode power Ppm(j):
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VSR (Variable pulse length Storage Ring) beam time structure:

 96

All bunches Gaussian shaped, sampled with 0.1 ps time step, 

time signal of ΔT = 8 µs length =  80 Mio sampling points Discrete-Fourier-

transformed.

VSR –– NO: beam dynamics, phase shifts, noise

bERLinPro –– σ = 2 ps, 1.3 GHz cw, recirculation, white noise charge jitter ± 2%, 

phase jitter ± 1°,  assumed gapping: 2080 bunches + 520 empty buckets 

100 200 300 400
bucket

-10.0

-9.5

-9.0

-8.5

Log10[q/C]

144 pC, 1.1 ps (not in baseline)

640 pC, 

1.7 ps

1320 pC (1440 pC in baseline), 15 ps

4000 pC, 3.7 ps8000 pC, 

27 ps

= 2 ns
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2 ×109 4 ×109 6 ×109 8 ×109 1 ×1010
f/Hz

-10

-9

-8

-7

-6

Log10[|ℱ(I(t))|]

2×109 4×109 6×109 8×109 1×1010
f/Hz

-10

-9

-8

-7

-6

Log10[|ℱ(I(t))|]

bERLinPro cw beam NO repetition,
NO jitter

bERLinPro cw beam with repetition,
2080 bunches + 520 gaps, jitter +-1°, q +-2%

bessy VSR beam
NO 1.1 ps, no jitter

bessy VSR beam
WITH 1.1 ps, no jitter

bERLinPro: recirculation not included, therefore n × 1.3 GHz

bERLinPro-w.c.: recirculation included ⇒ n × 2.6 GHz, but 
also gaps ⇒ (weaker) n × 2.6 GHz + 1.3 GHz

VSR: 4 ns-gaps dominant  ⇒ n × 250 MHz

VSR-extended: interlaced 1.1 ps  – low charge does not hurt, 
but n × 500 MHz a little bit more exposed

Spectral amplitude comparison up to 10 GHz:

 bERLinPro /  bERLinPro-worst case / VSR-baseline / VSR-extended 
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Interpolation of port signal spectra  ... unfortunately needed:

 98

Typical workstation (12 cores, 256 GB RAM), 

wake simulation acting on ~ 109 mesh cells (hexagonal grid),

response times ~ 101 days :

  

⇒ ~ 20 m wake length 

⇒ ~ 80 ns integration time 

⇒ ~ 12.5 MHz frequency resolution 

REMEMBER: Beam spectra available e.g. with 125 kHz
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Interpolation of port signal spectra  ... unfortunately needed:

 99

Typical workstation (12 cores, 256 GB RAM), 

wake simulation acting on ~ 109 mesh cells (hexagonal grid),

response times ~ 101 days :

  

⇒ ~ 20 m wake length 

⇒ ~ 80 ns integration time 

⇒ ~ 12.5 MHz frequency resolution 

REMEMBER: Beam spectra available e.g. with 125 kHz

Interpolation options:

⇒ linear                                  – in tests significant power deficit

⇒ black-box spline xth order        – we use x = 5, seems acceptable

⇒ pole fitting                            – recommendable
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Interpolation of port signal spectra  ... unfortunately needed:

 100

Typical workstation (12 cores, 256 GB RAM), 

wake simulation acting on ~ 109 mesh cells (hexagonal grid),

response times ~ 101 days :

  

⇒ ~ 20 m wake length 

⇒ ~ 80 ns integration time 

⇒ ~ 12.5 MHz frequency resolution 

REMEMBER: Beam spectra available e.g. with 125 kHz

Interpolation options:

⇒ linear                                  – in tests significant power deficit

⇒ black-box spline xth order        – we use x = 5, seems acceptable

⇒ pole fitting                            – recommendable

Interpolating the spectrum of the port signals means a 

virtual prolongation of missing wake integration time.
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Result example:  VSR 4-cavity chain, 1.5 GHz:  Waveguide port 

power analysis – using maximum values per frequency of any of 

10 waveguides

 101

92 W of  TM22 (!) -signal @ 6 ... 6.5 GHz
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Full String Wake Simulations in Various Setups

... to reduce and equilibrate power flow in HOM loads

... especially to reduce power flow in fundamental power couplers to avoid 
issues of the ceramic windows.
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results, slide courtesy of  Andranik Tsakanian



HOM Power Levels in Entire Module
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... we have to face ~5 kW of RF power to be dumped.

results, slide courtesy of  Andranik Tsakanian
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Warm absorber / waveguidesAnalyzed Geometry
• The current FE model of the is pieced together from several sources of CAD data

– Waveguides from the cavity and waveguide model supplied by HZB, 
“vsr_mca_1015_1_5_cavity_main_asm.stp”

– HOM load assembly from a preliminary design model by Jim Henry, JL0039236
– Bellows section from a preliminary design model by Jim Henry, JL0043203. Modified to fit 

the HZB waveguides.
• The analyzed geometry includes the waveguides from the outer surface of the 

Helium vessel and outwards. 

• Heat stationing locations are assumed based on 
the geometry 

3

modeling, simulation, viewgraphs 

courtesy Fredrik Fors, Jiquan Guo, JLab

bellows for thermal and 
mechanical decoupling

Result, Nonlinear Submodel
• Due to the brittle nature of the ceramic material, the relevant stress measure is the maximum 

principal stress. Max. 1st principal stress in tile ı1,max = 281.5 MPa at interface to fillet. 
This is ~56% of the material tensile yield stress.

• Max. equivalent stress in braze fillet ıeq,max = 335.0 MPa (local yield)

Braze fillet equivalent stress results Absorber tile max principal stress results

12

thermal intercept regions

water cooling 

absorber tile stress numerically fine

Results with CST Data
• Thermal results with CST data:

– Max. temperature in the absorber: Tmax = 91.1 °C (364.3 K)
– Total reaction heat load is 460.0 W
– Cooling water reaction 437.5 W 
– 80 K reaction 3.65 W
– 5 K reaction 0.31 W
– 2 K reaction 0.11 W

• The Structural results show that, outside the area directly around the braze joints, the stresses in 
the tiles are very low. This stress, due to the temperature gradient, is typically less than 15 MPa

– The stresses in the braze joints are analyzed separately in a nonlinear model.

Thermal analysis results Structural analysis results

9

temperature distribution numerically fine

Results – Pressure Analysis
• Two water pressure cases are analyzed depending on the brazing method of the cover plate to 

the copper pegboard. 

– ıeq,max,1 = 7.39 MPa

– ıeq,max,2 = 307.3 MPa

• The second case, due to the large pressure application area, causes severe stresses in the
cover plate exceeding the yield stress of the material through the thickness of the plate. 

– SYield, 316L = 170 MPa

15

mechanical stress numerically fine  104
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We do have 
– 2 VSR load prototypes (1.5 GHz) welded (including top, flange)

– 1 VSR load prototypes (1.5 GHz) not welded

 105

SN01

SN03

SN02
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High-power RF test
– ceramic temperatures ≤ 56 °C (uncal.), water ≤ 32 °C (@ 30 °C inlet, 3 L/min) @ 450 W (design)

 106



H.-W. Glock, HZB

High-power RF test
– good coincidence with simulation result (leftmost row is reflection at waveguide inner surface)

 107

Results with CST Data
• Thermal results with CST data:

– Max. temperature in the absorber: Tmax = 91.1 °C (364.3 K)
– Total reaction heat load is 460.0 W
– Cooling water reaction 437.5 W 
– 80 K reaction 3.65 W
– 5 K reaction 0.31 W
– 2 K reaction 0.11 W

• The Structural results show that, outside the area directly around the braze joints, the stresses in 
the tiles are very low. This stress, due to the temperature gradient, is typically less than 15 MPa

– The stresses in the braze joints are analyzed separately in a nonlinear model.

Thermal analysis results Structural analysis results

9

courtesy F. Fors, JLAB

optical reflection of last row

temperature level of copper backplate 

unexpectedly high @30°C cooling 

water

temperature gradient from backplate to 
ceramic in good coincidence with 

measurement
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Supplement: 

The Warm End Group as Example for Rescaling of Dielectric Losses



Beam pipe transitions with warm dielectric absorbers etc. 
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beam pipe transition with warm dielectric absorber 

– space restrictions enforce step-like beam pipe cross section transitions ⇒ local wake 
power generation

– significant (~ 1... 2 kW) HOM power known to travel outwards the module

– further functionality: longitudinal compensation, attached getter pump dome, shutter 
valves (in vicinity), moveable collimator for synchrotron light (upstream only)

– use of dielectric absorbers identical to bERLinPro gun and booster devices very preferred 
(but water cooling applied) 



Beam pipe transitions with warm dielectric absorbers (bulk dielectric available) 
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beam pipe transition with warm dielectric absorber 

LOSSES IN WARM DIELECTRIC ABSORBER

3

lossy silicon carbide absorber rings

: angular frequency of the nth harmonic of the bunch train

: imaginary part of complex-valued permittivity at 

: complex-valued electric field arising from the BESSY VSR  
bunch filling pattern at

Aim: estimation of dielectric losses in absorber quantified by 
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BROADBAND EXCITATION WITH A GAUSSIAN BUNCH 

•  excitation of the structure using 
broadband Gaussian bunch 

•  monitor electric field strengthes 
arising from Gaussian bunch 
excitation using time domain field 
probes 

method, results, slides courtesy of  Thomas Flisgen
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FREQUENCY DOMAIN TRANSFER FUNCTIONS 

transfer function(s) translate(s) beam current into field components!
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ELECTRIC FIELDS ARISING FROM THE BESSY VSR FILLING PATTERN 

Evaluation of the electric field strengths at 
the locations of the field probes by means of: 

Approximation of the volume integrals by surface integrals assuming rotational symmetry:  

final determination of the 2D integrals using trapeziodal rule. 

approximation for spectral- and spatial-distributed dielectric 
wake loss for periodic beams!
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TEST STRUCTURE TO INVESTIGATE LOSSES AT HIGHER FREQUENCIES 

Filling Pattern Power Left Absorber 
σ = 15 mm / 10 mm / 5 mm 

Power Right Absorber 
σ = 15 mm / 10 mm / 5 mm  

VSR Baseline 282 W 549 W 1064 W 446 W 861 W 1353 W 

simulations should reach at least 15 GHz, better 20 GHz, but ... !
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DIELECTRIC LOSSES IN SIMPLIFIED “STRING” 

1.5 GHz cavity bellow bellow 

discretization of the lossy 
dielectric absorber 

σ / mm fmax / GHz  Nmesh Tcomp  

Model 1 14 7.3136 426,809,958 2 d 20 h 12 min 

Model 2 10 10.2391 1,075,099,752 7 d 3 h 11 min 

•  112 2D port modes 
•  320 field probes for Ex, Ey, and Ez per beam pipe absorber 
•  transversal offset of the bunch Δx = Δy = 2.1 mm 



H.-W. Glock, HZB 116

RESULTS DIELECTRIC LOSSES IN SIMPLIFIED “STRING” 

•  losses are in the expected order  but depend heavily on the 
considered frequency range  

•  losses arising from baseline fill pattern are slightly higher than from 
extended pattern 

•  losses in the right absorber are ≈ 1.7 times higher than in the left 
absorber 

1.5 GHz cavity bellow bellow 

left absorber right absorber 

Filling Pattern Power Left 
Absorber 

Power Right 
Absorber 

baseline 801 W 1371 W 

extended 716 W 1250 W 
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POWER DENSITY DISTRIBUTION RIGHT ABSORBER RING FROM MODEL 6 

7 

Contour plot of 20 log10[pd(x=0,y,z)] / (W/m3) 

z / m 

y 
/ m

 

dissipation strongly concentrated close to surface; stress ??!
with contigency, we expect 2 kW per absorber!
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Supplement: 

Redesign of the Warm End Group based on wake and 

eigenmode simulations
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Warm end group (without additional synchrotron light collimator) 

– engineered (NW) with several modifications: 3 +1 pumping ports, increased 

gap and compensation capabilities for mounting, “decoherent“ slots, IR 

monitoring window, RF pick-up, etc. .

– check-up wake run revealed dangerous resonance very close 500 MHz, …

– …, which needs to be avoided, options under numerical evaluation  
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Warm end group

– check-up wake run revealed dangerous resonance very close 500 MHz, …
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Warm end group
– check-up wake run revealed dangerous resonance very close 500 MHz, …

– confirmed by eigenmode run: 521 MHz, R/Q = 20.4 Ω, Q = 159
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Warm end group – what made the difference ? 

bigger gap, longer bellow

previous designnew design
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Warm end group
– check-up wake run revealed dangerous resonance very close 500 MHz, …

– confirmed by eigenmode run: 521 MHz, R/Q = 20.4 Ω, Q = 159

– but: dielectric material parameters (cf. Eichhorn priv.com.) may vary
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Warm end group 

– check-up wake run revealed dangerous resonance very close 500 MHz, …

– …, which needs to be avoided, options under numerical evaluation

– Mod 1: one less convolution: 587 MHz, 21.3 Ω, Q = 103, Epeak@1J 7.2 MV/m
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Warm end group
– check-up wake run revealed dangerous resonance very close 500 MHz, …

– …, which needs to be avoided, options under numerical evaluation

– Mod 2: reduce diameter of toroid and jacket by 10 mm: 549 MHz,           

R/Q = 34 Ω, Q = 121, Epeak@1J  3.9 MV/m
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Warm end group
– check-up wake run revealed dangerous resonance very close 500 MHz, …

– …, which needs to be avoided, options under numerical evaluation

– Mod 3: introduce a small shielding ring at the pumping grid: 505 MHz,      

R/Q = 20.6 Ω, Q = 122, Epeak@1J 7.0 MV/m
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Warm end group
– check-up wake run revealed dangerous resonance very close 500 MHz, …

– …, which needs to be avoided, options under numerical evaluation

– Mod 23: combine mod 2 and mod 3: 536 MHz, R/Q = 33.5 Ω, Q = 114, 

Epeak@1J 4.0 MV/m
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shielded bellow radius 26 mm 

with taper, collimating 

synchrotron light

Supplement: 

Design Aspects of the Collimating Shielded Bellow



Synchrotron light power deposition 

mandatory to fetch power outside the module or at 5K-level

data courtesy Markus Ries
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collimator in quad: 16 mm off axis

moveable collimator in taper: 

≤16 mm off axis

collimating shielded bellow: 

26 mm radius

Prad  @ ... ... collimator in 
quadrupole

... on moveable 
collimator

... collimating 
bellow

... leaving cold 
module

moveable not 
activated

63 W 0 W 11 W 15.3 W

data courtesy Markus Ries



Collimating shielded bellow, inner radius 26 mm 
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Collimating shielded bellow, inner radius 26 mm 
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– seven sections for spatial resolution of power loss:

massive copper

stainless steel

stainless with inner copper coating / plating 

"bellow"

"insertUp" "insertDown"

"taperDown""taperUp"

"diskUp"
"diskDown"



Collimating shielded bellow, fundamental mode losses
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some part of evanescent fundamental mode reaches bellow 

(from either side; here logarithmic color scaling)



Collimating shielded bellow, fundamental mode losses
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some part of evanescent fundamental mode reaches bellow (from either side; here logarithmic color scaling)

"left side": Qload,bellow = 6.1 ·1011, Ploss Cu @7MV/cav = 0.28 W, Ploss Steel @7MV/cav ≈ 0 W

do not look too carefully – previous design but 

same conclusion



Collimating shielded bellow, fundamental mode losses
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some part of evanescent fundamental mode reaches bellow (from either side; here logarithmic color scaling)

"right side": Qload,bellow = 2.09 ·1011, Ploss Cu @7MV/cav = 0.83 W, Ploss Steel @7MV/cav = 0.35 W

⇒ total fundamental mode loss: 0.28 W + 0.83 W + 0.35 W = 1.46 W ≈ 1.5 W

do not look too carefully – previous design but 

same conclusion



Collimating shielded bellow: Parasitic modes I –  422 MHz
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λ/4-line-like field pattern, accessing beam, R/Q = 15.80 Ω, Q = 497,

not relevant with standard fill patterns, but in case of single puls mode (20 mA): 

Pbeamloss = 6.70 W, mainly dissipated in steel bellow:



Collimating shielded bellow: Parasitic modes I –  422 MHz
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λ/4-line-like field pattern, accessing beam, R/Q = 15.80 Ω, Q = 497,

not relevant with standard fill patterns, but in case of single puls mode (20 mA): 

Pbeamloss = 6.70 W, mainly dissipated in steel bellow:

HARMONICS OF THE VSR BUNCH FILL PATTERN (TDR FIGURE 2.5)

6A.  Jankowiak  et  al.,  “Technical  Design  Study  BESSY  VSR”,  Helmholtz-Zentrum Berlin, Berlin 2015

BESSY VSR bunch spectrum:  main spectral property: n × 250 MHz ⇔ high bunch charge every 4 ns



Collimating shielded bellow: Parasitic modes II –  2.155 GHz

 137

3λ/4-line-like field pattern, accessing beam, R/Q = 4.25 Ω, Q = 1490

not relevant with standard fill patterns, but in case of single puls mode (20 mA): 

Pbeamloss = 9.16 W, mainly dissipated in copper inserts:



Collimating shielded bellow: Parasitic modes III –  3.923 GHz
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distributed field pattern, accessing beam, R/Q = 0.734 Ω, Q = 1038 (no HOM dampers)

not relevant with standard fill patterns, in case of single puls mode (20 mA): 

Pbeamloss = 2.90 W, mainly dissipated in steel bellow:

this and higher modes are well coupled to the absorbers



Collimating shielded bellow: Length dependence of parasitic modes
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– no issues from stretching / shortening

– not necessarily monotonous dependence 

-2 mm ± 0 + 2mm

415.8 
 MHZ

422.1 
MHz

423.0 
MHz

14.3 Ω 15.8 Ω 17.1 Ω

-2 mm ± 0 + 2mm

2125.1 
 MHZ

2154.8 
MHz

2135.4 
MHz

4.3 Ω 4.2 Ω 4.2 Ω

-2 mm ± 0 + 2mm

3976.4 
 MHZ

3928.0 
MHz

3784.4 
MHz

5.2 Ω 2.2 Ω 2.2 Ω

(computed without cavities; 
influenced by finite beam pipes)



Thermal simulation of collimating shielded bellow:   Synchrotron light
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Incidence of synchrotron light beam of ~ 2 x 2 mm2 cross section and 11 W power 



Thermal simulation of collimating shielded bellow: 

Fundamental + parasitic modes + synchrotron light
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Total dissipated power of 31.8 W, assuming

– all beam-deposited wake power is absorbed locally

– synchrotron light is fully absorbed

– homogeneous rf dissipation over surface elements



Thermal simulation of collimating shielded bellow: 

Temperature and convective boundaries = heat sinks
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– 2 K boundaries on contact planes to the neighboring cavities

– 5 K boundaries with 0.002 W/(mm2 K) convective heat transfer to circular pipes



Thermal simulation of collimating shielded bellow: 

Temperature distribution
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– synchrotron light power well distributed by copper

– total heat flux to the cavities < 1 W

– in (rare) single bunch operation bellow exceeds 130 K, outgassing triggered ...

– ... but labyrinth could work as cold gas trap
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Collimating Shielded Bellow (CsB)
– prototype in house

– network analyzer measurements at default length done, results in (very) good 

agreement with simulations (dedicated run with closed beam pipes)
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„Ihr wißt, auf unsern deutschen Bühnen 

Probiert ein jeder, was er mag; 

Drum schonet mir an diesem Tag 

Prospekte nicht und nicht Maschinen. 
Gebraucht das groß, und kleine Himmelslicht, 

Die Sterne dürfet ihr verschwenden; 

An Wasser, Feuer, Felsenwänden, 

An Tier und Vögeln fehlt es nicht. 

So schreitet in dem engen Bretterhaus 
Den ganzen Kreis der Schöpfung aus, 

Und wandelt mit bedächt'ger Schnelle 

Vom Himmel durch die Welt zur Hölle.“ 

             J.W. von Goethe, Faust: Eine Tragödie

Conclusion, summary and recommendation:


