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A good and a bad news

You almost made it:

Tutorial Lecture Schedule for SRF2019

Jun 27%, Th. Jun 28t Fr. Jun 29%, Sa.
Registration and 8:30-9:00 p ’
Welcome P. Michel (HZDR)
9:00-10:30 9:00-10:30 9:00-10:30
. ISR s Superconducting Cavities of Interestin Beam-cavity Interaction and Operational
Session 1 P 9 g ity P
Sanc EXOER G .Of R[.: i D Shapes (Non-elliptical Cavities) Aspects of SRF Systems With Beam
G. Ciovati (JLab) S. De Silva (ODU) S. Belomestnykh (FNAL)
Coffee Break 10:30 -11:00 10:30 -11:00 10:30 -11:00
11:00-12:30 19:00-12:30 11:00-12:30
Session 2 RF Basic and TM Cavities Cavity Proc_?ss:?q and Cleanroom LLRF Controls and RF Operation
echniques
E. Jensen (CERN) L. Popielarski (FRIB/MSU) J. Branlard (DESY)
Lunch 12:30-13:30 12:30-13:30 12:30-13:30
13:30-15:00 13:30-15:00 13:30-15:00
Saasion 3 Cavity Vertical and Horizontal Test and Pushing Bulk Nb Limits (High Q, High Fundamentals of Cryomodule Design and
Operation Gradient, Reliable SRF Accelerators) Cryogenics
T. Powers (JLab) A. Grassellino (FNAL) B. Petersen (DESY)
Coffee Break 15:00-15:30 15:00-15:30 15:00-15:30
15:30-17:00 15-30-17:00 15:30-17:00
Session 4 High Power Couplers and HOM Couplers Materials Beyond Bulk Nb MEode S0 S'm[;‘:ti;): Fooks for vty
E. Kako (KEK) C. Antoine (Saclay) H.-W. Glock (HZB)
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A good and a bad news

You almost made it.
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A good and a bad news

You almost made it : cryogenic conditions  base function order
closed décomposition strategies

C elgenfreq uency dielectric loss

skin effect frequency dom_a_in sensitivity analysis

*single/multicell beam re | evance cut-off
non-lineariies Wake simulationsTE modes
deformations

. multipacting
wameshCaViIl couplers
cscHOMs=LOMs=SOMss

polarizationfu nd amental mode Bpeak

thermal conductivity

hexahedrgl beam pipesbeIIOWSGSM
mode rapping\yakg fieldsIoss Bower

parameterized .
symmetry azimutal mode types tomography

brillouin diagram gjngle/multibunch Fourier—rescaling partial mesh filling

dispersive dielectrics tetrahed ra| TM mOd es

ports periodic boundary conditions ™" force
Lorentz force detuning
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What is a CaVity 27?7
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BESSY II’s four main 500 MHz cavities

Cornell-stylébERLinPro booster 1.3 GHz-2-cell
without tank

by intention (found

somewhere @QHZB)

Gun . |—cavity prepared for ,
vertical testing TESLA-9-cell cavity (for display purposes)

Transverse-Deflecting cavity (TCAV) in
bERLinPro’s diagnostic beam line H.-W. Glock, HZB




Collimating Shielded Bellow for BESSY-VSR-Upgrade Draft of BESSY-VSR end group

unwanted . (found somewhere

1 ' ‘ -4 C aV I ty @HZB)

bERLinPro merger section

below in bERLinPro’s temporary Dielectric windows in the BESSY-VSR upgrade fundamental power coupler
replacement beamline construction (courtesy Emmy Sharples)
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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

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

an open structure on externally
given driving excitations

an eigenmode solver to -+
determine the natural

resonances of a closed
cavity
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The tool box: ... and you also may find useful

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

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

an open structure on externally
given driving excitations

a (self-consistent) particle

\\ tracker to perform (expensive)
\ particle(/field co-)simulations in
time domain

an eigenmode solver to -
determine the natural

resonances of a closed
cavity
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The tool box: ... and you also may find useful

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

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

an open structure on externally
given driving excitations

a (self-consistent) particle

{\ tracker to perform (expensive)
i A N | \ particle(/field co-)simulations in
| . % | | time domain

an eigenmode solver to =

determine the natural
resonances of a closed
cavity

\ athermal solver to compute
temperature and conduction/
(convection/radiation) heat flux
distributions
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The tool box: ... and you also may find useful

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

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

an open structure on externally
given driving excitations

a (self-consistent) particle

\ tracker to perform (expensive)

; | article(/field co-)simulations in
an eigenmode solver to - P ( )

determine the natural
resonances of a closed
cavity

/A B B | \ time domain

a thermal solver to compute
temperature and conduction/
(convection/radiation) heat flux

a mechanical solver to calculate distributions

elastic(/plastic) cavity
deformations based on Lorentz-/
pressure/tuning forces +
mechanical eigenmodes
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The tool box: ... and you also may find useful

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

a frequency domain solver to
compute the reaction of a cavity or
an open structure on externally
Iven driving excitations Yo
2 2 o e
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a (self-consistent) particle
{\ tracker to perform (expensive)
\ particle(/field co-)simulations in
| time domain

an eigenmode solver to
determine the natural

resonances of a closed
cavity

\ athermal solver to compute
temperature and conduction/

an external programming (convection/radiation) heat flux
environment for other . a mechanical solver to calculate distributions

evaluations of exported elastic(/plastic) cavity
field data deformations based on Lorentz-/
pressure/tuning forces +
mechanical eigenmodes
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The tool box: ... and you also may find useful:

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

a frequency domain solver to
compute the reaction of a cavity or
an open structure on externally
given driving excitations

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

an eigenmode solver to -
determine the natural

resonances of a closed
cavity

[ B B \ time domain

a thermal solver to compute
temperature and conduction/

an external programming (convection/radiation) heat flux
environment for other . a mechanical solver to calculate distributions

evaluations of exported elastic(/plastic) cavity
field data deformations based on Lorentz-/
pressure/tuning forces +
mechanical eigenmodes

For those purposes | recommend the following software brands:
13 H.-W. Glock, HZB




... 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
cavity

|5 H.-W. Glock, HZB



What is an ,,eigenmode” of a cavity? — rather a strange thing:

|. 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).

|6 H.-W. Glock, HZB
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What is anc,‘,eigenmode“ of a cavity? — rather a ssgfamg&ething:

e
o . . nit
|. It exists inside an entirely closed cavity, made of some Perfect

' ial
Electric Conductor taining losSY mater

2. It exists with non-vanishing amplitude without any

energy source (which sounds profitable).

£ constant\y decaying

3. It oscillates infinitely long with a pure single‘,e igen“~frequency

(which is said twice). co““)

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

fortunately of less interest).
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... S0, let us compute some eigenmodes ...

|8 H.-W. Glock, HZB



... 50, let us compute some eigenmodes of a:

— /-cell elliptical cavity
— strongly HOM-damped with 5 waveguides
— a fundamental power coupler

— and a beam pipe

19 H.-W. Glock, HZB



... 50, let us compute some eigenmodes of a:
— /-cell elliptical cavity
— strongly HOM-damped with 5 waveguides

— a fundamental power coupler

— and a beam pipe

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

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

20 H.-W. Glock, HZB



We need:

|.) the cavity (+ waveguides + coupler) shape, either CAD-constructed
externally or composed using the geometrical primitives of the field

solver

21 H.-W. Glock, HZB



We need:

2.) some virtual absorber simulating well matched

waveguide(/coax) terminations

absorber
Type Normal
Epsilon 5
Mu 5
Electric cond. 0.5 [S/m]

... using a virtual material of € = U, = I, thus keeping vacuum wave
impedance to avoid reflections, with a conductivity @ = 0.5 1/(€2 m) to

dissipate the power

22 H.-W. Glock, HZB



We need:

2.) some virtual absorber simulating well (better -25 dB)

matched waveguide(/coax) terminations

Power in W [Real Part]

s —¥— Power Outgoing all Ports
1 —e— Power Stimulated

0.003

= 0.001
0.0003
0.0001
3e-05
1e-05

3606 7

1e-06 4 ;
bsorbe
2 2.5 3 3.5 4 4.5 5 ET sorber
ype Normal
Frequency / GHz Epsilon 5
Mu 5
V/m Electric cond. 0.5 [S/m]
730
500 —
300 —
100 —
50 —
30 —

ol
0

. by the way: Which kind of computation results in S-parameters ?

23 . Glock, HZB



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)

Boundary Conditions

Boundaries | Symmetry Planes

Apply in all directions

s ] X doco @ =0

Ymin: |electric (Et = 0) v| Ymax: |electric (Bt =0)

Ziin | electric (& = 0) Zmax: |electric (Et = 0)

nnn C Jrn Nnar ) - ~od =
nd.: [1000 ; Open Boundary

0K Cancel

... by the way: What would you think is a PMC ?

24 H.-W. Glock, HZB



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.

Boundary Conditions -

Boundaries | Symmetry Planes

XZplane: |none %
XY plane:

magnetic (Ht = 0) v

QK Cancel Help

... by the way: What kind of fields do you expect if Etangeniiat = O in the symmetry plane?

25 H.-W. Glock, HZB



We need:

4.) a mesh to reduce the problem to a finite number of unknowns. Most

common is a volume discretization in irregular tetrahedrons

H.-W. Glock, HZB



We need:

5.) some parameters to control the solver, especially how many modes we

are looking for starting at which frequency:

Eigenmode Solver Parameters -
Solver settings Start
Mesh type: Tetrahedral v Close
Method: Default Apply
Modes: 8 7
Optimizer...

Choose number of modes

(®) Frequencies above 1.275 ‘
Store all result data in cache \

Q-factor calculation

Par. Sweep...

Acceleration...

[ ] calculate external Q-factor

[ ] Consider losses in postprocessing only

Adaptive mesh refinement

[_|Refine tetrahedral mesh Properties...

Sensitivity analysis

[:] Use sensitivity analysis Properties...

. by the way: How many modes can exist in a cavity ?
27 H.-W. Glock, HZB



We get (after 760 s @ | 2core Xeon© E5-2643v2, 3.50 GHz, allocating ~14 GB RAM) :

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

(i) Eigenmode solver results:

Mode Frequency Accuracy Q (volume losses)
1 1.274571 GHz 1.266e-07 infinity

2 1.274573 GHz 1.15e-07 infinity

3~ 1.283637 GHz 5.505e-08 3.638e+07

4 1.283671 GHz 4.526e-08 infinity

o 1.295234 GHz 1.678e-07 1.5492e+07

6 1.29524 GHz 2.28e-07 infinity

7 1.300506 GHz 6.906e-08 infinity

8~ 1.30052 GHz 1.166e-07 2.413e+07

(i) ~ = The material properties at the evaluation frequency differ from those at the eigenfrequency.

(i) Eigenmode solver successful

Messages Progress

... by the way: Which order of Q-value do you expect for a good copper cavity ?

28 H.-W. Glock, HZB



We get :

2.) a list of according eigenmode field (E-, H-, energy density, surface

currents) patterns

=& 2D/3D Results

. =3 Modes

' -G Mode 1

. [=-F3 Energy Density
.| B Blectric
1 L. Magnetic

2R
o

% Surface Cument
—[j Mode 2
. =3 Energy Density

5-Ga Mode 3
. #-J Energy Density
? ;:e .....

Mode 1 E-Field
Frequency 1.27457 GHz

Phase 30°

Maximum 1.25845e+07 V/m

T N ko o o A P T 2 Rl et T o R e

+ g e b e et de da g = dete =t de e =<
s A e A A A e e el e G e il e e e e s
. ¥

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

Phase 0° not necessarily means highest field values.

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

directly above ?
29 H.-W. Glock, HZB




We get .

3.) an idea how well the theory of identical resonator chains apply
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... 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 H.-W. Glock, HZB



We get :

4.) a lot of further fancy post-processing information

the electric field distribution close to the coupler tip

&= bPro7_01_eigenC07komplSymFumov2019* [ = bPro7_01_eigenC07komplSymFuPa2v2019* [£) = bPro7_01_eigenCo7komplSymF

Mode 8 E-Field A y
Frequency 1.30052 GHz

Phase 30°

Cross section A z x
Cutplane at X 642.000 mm

Maximum (Plane) 221874 V/m

Maximum 8.79579e+06 V/m

32 H.-W. Glock, HZB



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

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

&= bPro7_01_eigenC07komplSymFumoV2019* = bPro7_01_eigenC07komplSymFuPa2v2019* &= bPro7_01_eigenC07komplSymFuPav2019 ES wgAbsv2019*

e
Y
T 1.30052 GHz
attribute Maximum
n A z x

Cutplane at Z 0.000 mm
Maximum (Plane) 16440.1 A/m
16510.6 A/m

33 H.-W. Glock, HZB



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

cavity-cavity coupling of the fundamental mode

e_dens(X) mode 7
1000 :

100 4
10
0.1
0.01
0.001 1

0.0001

1e-05 - ; . . ; :
0 200 400 600 800 1000 1200
X/ mm

e_dens(X) mode 8

1000 5
100 4
10 4

0.1 1
0.01 1
0.001 4
0.0001 1
1e-05 -
1e-06 -

1e-07

H.-W. Glock, HZB



We get :

4.) a lot of further fancy post-processing information

(numerical) field flatness

341.83 -

(X) mode 7

330 A

..................

------------------

319.41

................

307.61 ||
300 q-

290 -
280 1
270 1
260 1
250 1

239.72

.................

.................

.................

.................

0.92339

50

100

150

X/ mm

250

300

349.78 409.99

e_dens(X) mode 7

d=11.809

... by the way: Which kind of experiment gives this information for a real-world-cavity ?

35
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We get :

4.) a lot of further fancy post-processing information

100

(numerical) field flatness

R over Q beta=1 (Multiple Modes)

| S N——— IS IS L P TR PA
) ] ] ) ] ]
-----------------------------------------------------------------------------------------------------
.............. LCeacscscscscscassssbaccccnscscaccsadccsccccsncsncdlacccsnsncccccssndeaccscnnsncccscndacccccncccncaad
.....................................................................................................
-----------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------
.............. | T N N . P
e e e e e e e e e e e e e e e e ]
! )
"""""""""""""""""""""""" [ e R
1 ]
-----------------------------------------------------------------------------------------------------
] ]
1
. B e r T T e . SNSRI RTINS B —
: :
1 |}
)
t
1 2 3 4 5 6 7 8

Mode Number

*

R over Q beta=1

... by the way: Is the R/Q-value depending on the test particle’s velocity ?

36
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An engineering question, based on eigenmodes:

y
g
g
g
|

Cavity-cavity-connection: Something similar to this ...

niob@ LHe: e.g. 78 mm

D | N

L P
(4F |4 .

IS
A A

§
:

-
|
R

— -/ 7

<

niob@ > LHe: e.g. 47.5 mm

steel 1.4404 (316L) @ 4 K

LHe supported*

. . . steel 1.4404 (316LL
Electrical Conductivity ( )
T [K] | [Ohm m]
o 19E+06 \‘__\ 4 | 1.855E+06
S
g 1.8E+06 19.65 | 1.859E+06
s \ 75.75 | 1.767E+06
= L7E+06 C 1924 [ 1-473F+06
2 273 | 1.333E+06
3 1.6E+06
S MATERIAL PROPERTIES FORN,
-3 E+06 ENGINEERING ANALY SES OF
g ot SRF CAVITIES
Tg 1.4E+06 - —
= : Fermilab Specification: 5500.000-ES-371110
5 P \
é 1.3E+06 ‘_ﬁ
50 250

405 mm

37

=R
-
.] s ¢  bellow: 150 mm !_
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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 A(T)
strongly depend on temperature. = Severely non-linear problem

* |-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".

38 H.-W. Glock, HZB



Fundamental Loss Calculations

— eigenmode computation of fundamental mode, Hun @ surface = jsurf

[E bpro7_01_sigenCo7kompisymFumo [

39 H.-W. Glock, HZB



Fundamental Loss Calculations Il

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

Log | 0(Hcpabs/(A/m)@ ]

2.5

2.0k

1.5

Index of path;

W d = 20 mm * index

— 9
— 10
— 11
— 12
— 13

~~ =

O N OO O bAhA WN -

0 50 100 150 200 250

300 s/mm @ r =50 mm

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

Log10(hgabs/(Am)@1J

3.0
2.55
2.05
1.55
10|

0.5}

hypabsModel [x]

—

—

d/m

0.00

0.05

0.10 0.15 0.20 0.25

40

— a = -25.6/m aus vollem Fit

a = -34.9/m aus Fit hinter ersten drei Punkten

— a = -34.2/m aus Fit-Amplitude und

analytischer Abklingkonstante

H.-W. Glock, HZB



Fundamental Loss Calculations Il

— scale field amplitude from CST-convention: "stored energy = | J"

CST - with transittime factor: energy gain of 1.8005 (046 Volt in 3,5 cells.
calculation for 25 MV/m:

25 x 10”76 Volt /Meter x 0.8 Meter
2% 1.8005x10"6 Volt

feldSkalier =

5.55401

hp[x ] := feldSkalier » hypabsModel [ x]

rs
linienLeistung[rs , x ] := 27 0.055 Meter ? (ho [x] Ampere / Meter) "2

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

normaler Skineffekt liefert

wur4nxl10” -7 Volt Sekunde

rSur[w , ur , cond ] :=
2 cond Ampere Meter

0.02096|" Volt
Ampere

... by the way: Is stainless steel ,,magnetic* ?
41 H.-W. Glock, HZB



Fundamental Loss Calculations 1V

— dissipated fundamental power (no wakes) per mm straight beam pipe length @
25 MV/m, steel 316L, excited by ONE cavity

Log10[(Leistung/mm)/W]
2|

Dist/m

0.1 0.3 0.4

— integrated over bellow (ignoring corrugation): 2.1 Watt

intPowSteel4K[{0.078 + 0.0475, 0.078 + 0.0475 + 0.150} Meter]
2.11771 Ampere Volt

L ——

— hypothetically 20 mm closer to the cavity: 5.9 Watt

intPowSteel4K[{0.078 + 0.0475 -0.02, 0.078 + 0.0475 + 0.150 - 0.02} Meter]
5.89623 Ampere Volt

e e

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

Supercond. Sci. Technol. 9 (1996) 453-460. Printed in the UK 1000 /‘E,———E"' — ]
- |
Parametrization of the niobium e/ﬁ;——*’-ﬁ:
] ] ] "]
thermal conductivity in the 7
= 100 ¢
superconducting state L { .
X i _:._9-——0”‘02; s
E P ,—;—‘e —i O
E = n'dl —30
F Koechlin and B Bonin ; ] I K
CEA, DSM/DAPNIA/Service d’Etudes d’Accelerateurs C E Saclay,
91191 Gif sur Yvette, France 10+ 5 tv
_ 4 &--©RRR 40 1%
Received 5 February 1996 == +—4 RRR 242 —-f;_e
| — — G RRR 265 14
A—ARRR 379 1#
3---21RRR TSO 12
Log10[A(T) / (W/(m K 1 . .
g0l ] (Wim) 00 1 20 4.0 6.0 8.0 10.0
2.5 C T (K)
20
15F —— RRR 270 @ Singer/Koechlin+Bonin Fit
- RRR 40 @ Koechlin+Bonin exp.
10
05
| 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | T/K
2 4 6 8 10
43 H.-W. Glock, HZB



Temperature-dependent
surface resistance of

niobium Temperature (K) 7775 4
0 2 4 6 8 10
2 g5
1.E-02 L ' —
Log10(Rs/0) " —+ 0.8 GHz BCS |
2 4 0 8 ! 10 [E-0371 | 0.8 GHz BCS + 10 nOhm residual
| }-==13GHzBCS N /4
IdK
1.E-04 41 |-+ 1.3 GHzBCS + 1 nOhm residual
BSK
‘c 1.E-05 {#«
L .
O #
w e |
@ 1.E-06 5« | ‘ .
> ?ffﬁ:_f?x N\ | | |
o *L e i |
3 1.E-07 T 7 ]
| . s 1 T e
) 7‘2 4 ! ;
3 Y E-OSK— ' |
| N ReS|duan reS|stahce
N ]
Al o |m ortant |
J 1.E-09 1. 1B mp | ]

author ??, very recommendable source: uspas.fnal.gov/materials/| 3Duke/SCL_Chap | .pdf

data close to Halbitter SRIMP, now online https://www.classe.cornell.edu/~liepe/webpage/researchsrimp.html
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http://uspas.fnal.gov/materials/13Duke/SCL_Chap1.pdf

Temperature-dependent Nb surface resistance and thermal conductivity

Log10(Rs/Q)
Log10[A(T) / (W/(m K))]
Log10[Rs/A(T) / ((Q m K)/ W)]

o s L T .
: 2 4 6 8 10 —— Nb surface resistance

_ol —— Nb RRR 270 thermal conductivity

----- ratio surface res./thermal cond.

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

)
A

Log10[A(T) / (W/(m K))] /
25} ‘f
2.0?— : W ; ~ oDt 4
15f — RRR 270 ﬂ%/"éw/(ﬂ . gyy : A//MWM
—RRRAOC gkt TP EVTT - e g
o /o7 pal 5 W
0.5: /(7 ‘ é@/ / /\/
T T T T -
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|-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

1 \
11 (9% 4q2+q3+q4+g5 |
t0 + [ < !

al Afu[t°5t1}

1 \
11 (9 +g2+gq3+q4+g5 |
t0 + | 2 :

12 ( qu +g3+q4+g5 }

al )\fu[toitl]

1 \
11 (9 +gq2+gq3+q4+g5 |
t0 + [ 2 :

+q3+q4+q5}

al xfu[t°5tl]

11 [ q2_1 +q2+gq3+qd+g5 )I

+q3+q4+q5}

t0 +

al Afu[wifl}

1 \
11 (9 sq2+q3+qd+g5 |
t0 + { 2 !

+q3+q4+g5 |

=> T & Zr Lo I)
= 2 e . Z kel f;
! E’@? A Z %7 ?/
=7 + = ('%,» f”g ) =
722,(1/;*'1’}) % Z g /
v+ 7
— 4 (g ; ) |
=7, F e 2 & | ©
% Ty = 3
Zg<ft%£, ) /&% . J z2 7
fo AT
Car (Fr2H)
2,(5%) % VT =S
¥ NAT
=7 + - & (‘7’73 p D 2 ) _
Read) P AT = ’ /
7@2(-";/—1}’% 2 124 /
27 ) A+
,"2? ¥ VL _ tér ;'7 W, <£?= 52."> VL
S ) R L2

al Afu[wgtl]
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|-dimensional model of stationary heat flux: sources

temperature-dependent
‘ ?}/. &/\/ Log10(Rs/Q) surface resistance function
[/ A / * -

\ K4 4 : il 2 4 6 s/ 10"
- N\ ey gy A+ '
¥ ? )"jL\ ( \( (c% f / /2 _ |
| " L*»»if f T4
i T
— & @,
& E v ’// —
/4/»7 7 = ik L, é’
s/ %/N - c;,j - /[7 f é ‘,,f
?~ ﬁ'é /;l | %) /7‘;4%7’, 4 .
, T 5 | _g!
, Pl eI 0 Gl f
7 ' / ) " Yy Y £ Z)A
fernitr % o & (S6H i&, “ A /%///‘5//? /g%[z%ﬂ/
. L7 T & // p
é : ; /SW/[)//%
7
rs
linienLeistung[rs , x ] :=2 7 0.055 Meter ? (hg[x] Ampere / Meter) "2
beam pipe
radius

Irs position-dependent surface
liLeiDl1l10([rs , x ] :=2m70.055 — he[x] "2

current density (cf. page 7)

temperature-dependent artificial power scaling factor
surface resistance function

for easing convergence
gvec = 1iLeiD110[nbBCS1p3GHzIP[#[[1]]], #[[2]] ] *#[[3]] * powerscale & /@
Transpose|[{ (tkvec + tksupvec) / 2, absLkvec, lkvec}];

average temperature of segments distances to lengths of
reference plane individual
segments
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|-dimensional model of stationary heat flux: sources Il

gvec = 1iLeiD110[nbBCS1p3GHzIP[#[[1]]], #[[2]] ] *#[[3]] * powerscale & /@
Transpose|[{ (tkvec + tksupvec) / 2, absLkvec, lkvec}];
gvec = gvec + Join[Table[0, {Length[gvec] - 1}], {poweradd}];

additional power incident at the chain's end

\\7 /- //)g j . /d/‘/ i %
I “ A+
Y (‘f/wrf f T
i
e { 1 1 o
& = E &t /’ g
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|-dimensional model of stationary heat flux: iterator

' /._ { )@?? /&/\/
In[103]:= increment = 0.001 define the power growth rate To N Xf\ t ‘\( j @ m/ Z
during iteration \| 4 %ﬂif 1 2%
Out{1031= 0.001 Q T4 Yy ;
— 1 J a’,\/
(A”O & —'éf P27 /L / =
do everything repeatedly and L — ——

gl sGk= iteRad = NestList [ store all intermediate steps
{BetSystemTkanl IOUZSMV [ compute new temperature

distribution based on ...
#[[1]], - oldtemperature distribution ...,

2, ..Toatleftmost boundary, here TO = 2K, ...
Table[0.001, {100}], . intervallengths here |00 intervals of | mm length, ...

Table [7( * (o . 0582 -0. 0552) , 100} ] . ... table of interconnecting surfaces, here all 3 mm thick pipes of

55 mm inner radius, ...

A(T) 1 (W/(m K))
nbRRR270tc, < » o .
1 g --overall scaling of powers, here no scaling ... zzg — nbRRR270t(f) - temperature dependent
o L 150} — nbRRRO40C({) thermal conductivity, here of
8 g --additional power at the chain's end, here 8W ... . Nb RRR 270, ..
. . . 50-
s [ [2] ] ] g - iteration dependent scaling of power. opea=t—a—t—_. e T

If [#[ [2] ] + increment > 1 ’ 1 ’ #[ [2] ] + increment] increment power scaling in every step by | %o

} &,

start iteration with overall temperature of 2 K for all
{Table [2 r { 100} ] » 0.001 }o 100 segments, initial power scaling 0.00
1100] s do 1100 steps

(Flatten[{#[[2]], #[[1]]}] & /@ iteRad) [[1;; -1;;50, 1;; -1;; 10]] // TableForm

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

write
iteration-
dependent
scaling as
first entry

Out[175)//TableForm=

show every 50t iteration

0.001
0.051
0.101
0.151
0.201
0.251
0.301
0.351
0.401
0.451
0.501
0.551
0.601
0.651
0.701
0.751
0.801
0.851
0.901
0.951
1

1
1

2

2.336
2.61829
2.86317
3.07698
3.26491
3.4306
3.57727
3.70796
3.82545
3.93171
4.0287
4.11641
4.19648
4.27033
4.33879
4.40337
4.46405
4.52151
4.57668
4.62906
4.62826
4.62826

show every |0th segment

2

2.61874
3.07693
3.42982
3.70647
3.92938
4.11328
4.26633
4.39841
4.51555
4.62159
4.71892
4.80925
4.89389
4.97376
5.04941
5.12181
5.19102
5.25754
5.32199
5.38413
5.38322
5.38322

2
2.86418
3.43034
3.82358
4.11295
4.3338
4.51438
4.6696
4.80716
4.9317
5.04625
5.15284
5.25291
5.34761
5.43779
5.52396
5.60696
5.68694
5.76436
5.83975
5.913
5.912
5.912

2
3.07858
3.70743
4.11331
4.3975
4.61979
4.80645
4.96986
5.11672
5.25115
5.37595
5.49303
5.60376
5.70925
5.81034
5.90755
6.00171
6.09301
6.1819
6.26893
6.35406
6.353
6.353

2
3.26711
3.93064
4.3343
4.61986
4.849
5.04457
5.2178
5.37494
5.51991
5.65544
5.7834
5.90515
6.02183
6.13429
6.24309
6.34908
6.4525
6.55386
6.65373
6.75218
6.75106
6.75106

all temperatures in K

2
3.43336
4.11478
4.5149
4.80647
5.0445
5.25002
5.43364
5.60144
5.75726
5.90382
6.04299
6.1762
6.3046
6.42912
6.55039
6.66931
6.78623
6.90175
7.01658
7.12951
7.12834
7.12834

2
3.58055
4.26788
4.66992
4.96965
5.21748
5.43339
5.62771
5.80641
5.97334
6.13126
6.28211
6.42739
6.56834
6.70599
6.8411
6.97471
7.10644
7.23485
7.36043
7.48319
7.48195
7.48195

2
3.71168
4.39987
4.80722
5.11618
5.37426
5.60083
5.80604
5.99589
6.17427
6.34403
6.50721
6.66545
6.82015
6.97251
7.12231
7.26792
7.40956
7.5477
7.68288
7.81515
7.81384
7.81384

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

51

2

3.82939
4.51684
4.93142
5.25023
5.51884
5.75624
5.97256
6.17385
6.36413
6.54636
6.72278
6.89523
7.06508
7.23001
7.38975
7.54506
7.69627
7.84385
7.98836
8.12987
8.12849
8.12849

2
3.93078
4.6175
5.04005
5.36855
5.64731
5.89517
6.12226
6.33479
6.53689
6.73176
6.92189
7.1085
7.28874
7.46296
7.63182
7.79612
7.9562
8.11254
8.26571
8.41581
8.41437
8.41437
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I-dimensional model of stationary heat flux: typical result

ListPlot [ (#[[1]] & /@ iteRad) [[1 ;; -1 ;; 50]], Joined -» True, AxesLabel -» {"segment index \n = length / mm", "T / K"}]
T/K

show every 50 iteration

. . : . ' , , . ! . ) ) ) ) ) . l segment index
20 40 60 80 100 = length/mm

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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|-dimensional model of stationary heat flux: different scenarios

T/K

' 9.25 K

— 2K, +4W

8t 2K, +5W

. - — — 2K, +8W
51 — 2K, +10W

' — 4.2K, +4W
4 _ |00 mm pipe of | 10 mm inner diameter — 4.2K, +6W

: 3 mm (2 mm) wall thickness, Nb RRR 270 — 4. 2K, +8W

/ left (cavity) side at fixed reservoir temperature 2 K or 4.2 K 4.2K, +10W Clipped!
2+ ambient dissipation of left-to-right-decaying 25 MV/m 1.3 GHz TT-mode

: — 42K, +6W 2 mm wall

additional heat flux from right side 4 W to 10 W ,
(instead of 3 mm)
segment index

0 20 40 60 80 100 = length/mm

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
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Conclusions:

fundamental mode decay in a DI 10 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,
|.3 GHz TT-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
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higher

... S0, let us compute some eigenmodes of a:

— /-cell elliptical cavity
— strongly HOM-damped with 5 waveguides

— a fundamental power coupler

— and a beam pipe

L
— 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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A wake-solver result: Impedance Simulations with variation of pipe length
Longitudinal (x-component)

[Parametric Plot] [Magnitude]

8392.9
8000 -

7000 A

| |

Z / Ohm

3000 ==

1000 1

4000 1------——fHr—--t--4}--------—1

9000 -+~~~ L

'
SRS P— S—
O

X (pipeLength=265) : 1007.1959

hrrrrrrrrrrsz2 g zss B L e T S P S S S R I I ISR R R R R R R P S S S S S S S S SIS SR R R R R W LR,

' ' '
. TR — Sy PR —
v W "

Y P P I S SRR R R T e r P FFFFFETISSSLLRL P RRRCT SN F XN Y Y Y Y Y ] Y Wi

5
o 5

fields contributing

Frequency / GHz

14 16

N - 1.3 GHz, but two very close (@ = 3.85 GHz, = 5.15 GHz)

56

18

— longitudinal impedance independent on pipe length = no pipe-trapped

— few, but significant peaks; none of them on bERLinPro’s beam harmonics

20 20.69



Eigenmode computations close to 3.9 GHz

Log(Q) ,
Log((R/Q)/2) | W
Log((R/Q)+Q /Q) |
6“ . |
' ®
al S A/ .
. i °
| o + Log(Q)
ol - | » Log((R/Q)/Q)
: ! ® | I e Log((R/Q)+Q /Q)
? resonance Curves,
M 1 i " " 1 " " " 1 1 A " 1 " M M " ) f/GHZ
3.82 3.84 3.86 3.88 3.90 Iog-scaled
- -
-2 :
' -
- "
~4

—no Q's>25 - 104 observed
— set of relevant (R/Q)'s ~ 10 ... 30 Q) found

— close, but not too close to 3.900 GHz
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oY) Eigenmode computations close to 3.9 GHz
Log((R/Q)+Q /Q)
A
s 2 '.@\E .
.; f %4 » Log(Q)
ol " | | | * Log((R/Q)/Q)
. ! T e Log((R/Q)Q /Q)
‘ 3.232 T 3.234 o 3.186 N 3.188 o 3.90 ez

# boro7 01 sgenCosompsym® | [ 00701 sgmncoenompisym | [ 86ro7_01_sgencomamptsym £

Lo4+07
9.0%0+06
8.18e+06
1270406
6, e+06
5.45e+06
4. 550+06
364406

2.73e+06
1. 0Qe+06
9.0%e+05

Y
Curplane nase Crofs Section A “
Cutplane noemal: Sy "
Cutplane postion:

20 Madmum [Vim): 197256 +06

Frequancy: Iy

Phae: 0

— TMop=0,r=1,2=2 —type: monopole, on axis longitudinal E-field

—f=3.838239 GHz, Q =2.286 - 104, R/Q = 31.4 Q)
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Log(Q)

Log((R/Q)/Q)
Log((R/Q)+Q /Q)

6.._ : ..
| A

al oA *
L ) Y |

'Y v 2|

2.._ -1 . 4 -1
L . . l ..
I £ @

3.82 3.84 3.86 3.88 3.9(

+ bPro7_01 egenCOSkompSym® | En‘uwv_e 1 [ 5v07_01_sgenComangisym () \

l [

‘i ¢ “ )

‘e 3 ts

R v ¢ LA 3

AN - f K

[ BT w ¢ LR T Y WOV R R O A A B R B SN N
'ERE v i re

o SNy R

e s AP sy R o o ™ b
G-~ PRy - Gt - P P
G O 3 ) PR TN
LY B T 2Nl

tr L LN

P I e A SN &

v 2 o B

tte Tt

TR Py

. F iy

Curplane name:

Crol Section A
Cutplane normal: Sy
Cueplane postion: @

20 Madmum [Vim): 19725e+06

Frequancy: AR A
Phase: 0

T S

Eigenmode computations close to 3.9 GHz

HIGHER ORDER MODE COUPLER FOR TESLA

TESLA-Report 1994-07

Jacek Sekutowicz

L] LO!
. Ld DESY, Notkestrafie 85, 22607 Hamburg, FRG
EE—
Table 2 Values of Qext for the monopole modes
2 welded 2 demount. |2 demount.
couplers on |fcouplers on fcouplers on Qext
MODE FREQ. R/Q asymmetric | asymmetric] symmetric Limit
cavity cavity cavity
Qext Qext Qext w-
[MHz] ESk ] [1.0E+3] [1.0E+3] [1.0E+3] |[1.0E +3] %
TMO11 1 2379,6 0,00 350,0 1150 1600 05
2 2384,4 0,17 72,4 360 460 0
3 2392,3 0,65 49,5 140 220 06
4 2402,0 0,65 84,0 68 110 0%
5| 2414,4 2,05 32,0 70 97 5
6 Ly P | 2,93 29,1 81 59 06
7 2438,7 6,93 20,4 66 49 1000 o
8 2448 .4 67,04 27.4 58 & 100) 06
9 2454 .1 79,50 58,6 110 100 100 0s
TM012 1 3720,0 1,26 3,0 0
2 3768,9 0,07 a1
3 3792,2 G 7S 5.2
4 3811.,7 1,43 3,9
5 3817.5 0,18 152
6] 3829,2 2,33| 11.3
7 : s 7 | 40,0
3845,3 22,04 240,0 30
9 3857,3 6,85 6,1 1000

R —

— TM(p=O, r=1,z=2 —type

|

5

—f=3.838239 GHz, Q =12.286-104 R/Q=31.4Q
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Loa(ROYE) Eigenmode computations close to 3.9 GHz

Log((R/Q)+Q /Q)

6 ®
: ol
. [ . o % ®
- o 3
_ ¢ of 4
e Log(Q
. o g(Q)
ol | « Log((R/Q)/Q)
- ® | ®
! § . e Log((R/Q)+Q /Q)
®
" 1 i A M | " " M 1 2 " " 1 i A " J f/GHZ
3.82 3.84 3.86 3.88 3.90
“% bPro7_01_eigenC08komplSym= 1 %bPro?_Ol_eingOBkomplSym 1 [ bPro7_01_eigenCoskomplSym \
1.05e+07
9.52e+06
8.57e+06 —|
7.62e+06
6.668+06 —
5.71e+06 —|
4.76e-+06 —|
3.81e+06
2.86e+06 —
1.9e+06
9,52e+05
0
Cutplane name: Cross Section A ¥
Cutplane normal: = 0,0;1
Cutplane position: 0
Component: Abs z mmm x

Orientation: Qutside

2D Maximum [V/m]: 25.5Se+06
Frequency: 3.837035
Phase: 1]

— TM(p=O, r=1,z=2 —type

—f=3.837035 GHz,Q = |.166 - 104, R/Q = 16.2 Q)
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Loa(ROYE) Eigenmode computations close to 3.9 GHz

Log((R/Q)+Q /Q)

6 ®
: ol
| [ e ® o
ar ® g T
' o o
. 'Y | Log(Q)
5 I » Log((R/Q)/Q)
[ { 7., e Log((R/Q)Q /Q)
®
" 1 i " M | M " M 1 2 " " 1 i " " " J f/GHZ
3.82 3.84 3.86 3.88 3.90
s bPro7_01_eigenCO8komplSym™ ;.i,a bPro7_01_eigenC08komplSym 1 [ bPro7_01_eigenCo8komplSym l [ bPro7_01_eigencoskomplsym™ ) \
2.14e+07
1.94e+07!
1.75e+07
1.55e+07
1.36e+07
1.17e+07 —
9.71e+06
7.77e+06
5.83e+06 —

3.8%e+06
1.94e+06
0

Mode 1 (peak)
Cutplane name: Crass Section &

Cutplane normal: 3 0,0, 1
Cutplane position: 0

i

Component: Abs z D x
Orientation: Outside

2D Maximum [¥/m]: 21.37e+06

Frequency: 3.832267

Phase: 0

— TM(p=O, r=1,z=2 —type

—f=3.832267 GHz, Q = 2802,R/Q = 11.1 Q)
6l



' fIGHz

Log(Q)
Log((R/Q)/Q)
Log((R/Q)+Q /Q)

6 ®
: il
r ®

al . L o % .
i . 'y
i e

2 -
[ | U

) 4 °
3.82 3.84 3.86 3.88 3.90

L% bPro7_01_eigenC08kon!5ym‘ ‘ EbPro?_Ol_eigenCOSkomplSym \

Eigenmode computations close to 3.9 GHz

» Log((R/Q)/IQ)
e Log((R/Q)+Q /Q) Sp

Mode 1 {peak) A
Cutplane name: Crass Section &

Cutplane normal: . 0,0, 1
Cutplane position: 0

Component: Abs
Orientation: Outside

2D Maximum [¥/m]: 20.07e+06
Frequency: 3.815388

Phase: 0

— TMep=0,r=1,2=2 —type

1.58e+07
1.43e+07
1.29e+07 —
1.15e+07
1e+07
8.61e+06 |
7.17e+06 —
5.74e+06 —|

4.3e+06

2.87e+06
1.43e+06
0

—f=3.815388 GHz, Q =758, R/Q =8.85 Q:
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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
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,,Frequency-domain“-field solver:
|. 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
borts. 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

N A

=

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 |:
Port location(s) and parameters

Modify Waveguide Port -
e [ o ]
oK
Al Name: 1
bel [ozxinp) |
|
Orienta ®) Positive gati

Position

OFree  C
ymin: [-10.15 | - [0.0 | vmax: [11.15 | +[00 |
zmin: [-79.42 | - [0.0 | Zmax: [-57.12 | +[00 |

0
Reference plane E
Distance to ref. plane: S T— ____,’ﬂ

Mode settings
[ IMultipin port

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 |:

Mode pattern(s) at the port(s)

Frequency:
Phase:

Dist. -40dB:

Line Imp. [Ohms]:
Alpha [1/m]:
Wave Imp. [Ohms]:
Beta [1/m]:
Accuracy:

Mode type:
Maxirnurn:
Plane at x

30D

1.29964
0
1.014e+06
49.45
0.004539
376.3
27.25
4.663e-17
TEM

17381
g4.09

Schematic 1DF

... by the way: What is the ratio E/H in free space ?

LR
x4t tr?
LR R R TR
N Y S
aww AR "”’,‘""
-9 D odinbading
4= G T= sl
o G Ll o
o 4r A b S Bl e
- a or W R A e
v dyaann
,{{lzﬁff‘)‘\}*}?‘q‘“x\
PYIEETEE
PRI R
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H-field

i R 2 i e N
AR A AU b T N N

O A e

ARy EporA™
e

xxxﬂ,ﬁawmﬁa\?xh
fﬂ#ﬂpﬂn+1\uhfb\b
snAp Nahkbd
“4/\4 3';"5;
PP PRDIPRP
"’f‘ ‘*rql’il
|,!l\1 ":;-3'“‘
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Frequency-domain-solver definitions 11
Frequency sampling points/ranges, fields to keep, excitations

Frequency Domain Solver Parameters -
Method Results
Broadband sweep: [v] Store result data in cache
General purpose v
| s | [ ] calculate port modes only
|
R [ INormalize S-parameter to
|Tetrahedra| v | 50 Ohms
2o Simplify Model. ..
Source type: Mode:
|Port 1 (koaxInp) Vl | 1 vl Select...
Frequency samples
Active | Type | Adapt.| Samples‘ Fro To ’ Unit F
Max.Range 1.293
X Monitors
X Equidistant v| [~ 23 1295
[ Automatic [
[ Single [ 1
Adaptive mesh refineme

[v] Adaptive tetrahedral refinement | ? | | Properties...

Sensitivity analysis

Monitor e-field (f=1.29946) []Use sensitivity analysis Properties...
Type E-Field (peak)

Frequency 1.29946

3D Schematic 1D Results\S-Parameters\S1,1 | Parameter View [

stored volume frequencies excitations

... by the way: How to compute a stationary H-field from a given E-field ?
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Frequency-domain-solver outcome Il: Scattering parameters —

in case of single-moded one-port device only S| exists

S-Parameters [Magnitude in dB]

—@- 51,1

1
o
!

20 logio(S11)

20 _______________________________ . ------------------- ] n-ter-POIGtIOH fOIIOWS Z = znf)

Frequency / GHz

Cavity dissipates most energy in the wall, if in resonance, i.e. minima of S
(1.2996 GHz and 1.3028 GHz)

.. by the way: How much of the energy is reflected if |S;/| =— 3 dB ?
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Frequency-domain-solver outcome ll:

Complex-valued scattering parameters in polar representation

= TCAVrebLoKoC_271_4_fbom_parm* (2] \

S-Parameters [Polar Plot]
90

0 1.295
® 1.307
Frequency / GHz

@511

180

One resonance close to matthing conditions (slightly overcoupled),

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

different driving frequencies

S-Parameters [Magnitude in dB]

20 logio(S11)

Frequency / GHz

Driven field pattern shifts its orientation and takes different amplitudes
depending on the frequency.

... by the way: What is a degenerated mode ?
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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
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,, Wake“-field solver:

|. 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:

|. 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
borts. 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:

|. Excites a cavity-like or waveguide-like structure (or anything
between) with (typically) one traversing gaussian bunchof given
length and simulates the@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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Example (a really big one): BESSY-VSR-upgrade module

.
P=r—
l—/

= |
= ﬁﬁﬂmI
\
[
/ \.,

Warm End Group

(not recent design) B IRV LYaYavavymt
— absorber Module End Bellow '
— cross section adaption  (not recent design) mEATATA A" ANy
— mech. compensation — mech. compensation
— bumping — thermal insulation

Cavity 1.5/ 1.75 GHz

— alternating bunch
lengthening/shortening

Task: Determine the power to be damped in the
waveguides and endgroups when operating in
300 mA CW synchrotron operation

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 ?

76
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How do wake fields look like (e.g. at the module end)?

S VIR_5 20151228 LumiCevs 2 13a 20000 | || e sanzniza stmaws

Eabs, I 7 ns

. field-free volume ahead the bunch
(ideally only if Vbunch = o)

strong fields accompany the bunch
(Lorentz-transformed space charge

field: radial E, circular H)

S Czerenkov radiation cone in
P T e T T e — dielectric

scattered fields propagate

up- and
| downstream
Iocallzed ﬁeld Patterns (andeS“)
e ring and ...

y
s L1 Lossylavs sLn I | T 2w seon a1 sisaonor 0 ek sesntonza vatsbs s1vemue

Eabs, I9 ns

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

dielectric € = 45,y = I, tan d = 0.44 @ 2.0 GHz vacuum & = I, 4, = I,tan 0 = 0

V520161221 LumnCev: s 45a 200007 [ || v zavisiza st 1

2 e LTI e e e AR L ( T3 Nl R EIEI16LIT. JhEzazs 18I0 [T

Eabs, |7 ns e . Eabs, |7 ns

b
:§’5ﬁ§*“fl
.

e 50 17
Tl 2

R P e P T I T3 AR ettaan R SIEII6.ID . JhERazs 18I0 [1 \.\

Eabs, I8 ns

. )
,

e-tekd E=)_end; LODD):y =0} Lpb)

n ooy
a " g—
£ = l
The 25 10540~
T 6l 2 »
€ R _3eUs T Lesssaees simanc ) L T senisansamanes | ] T ew wanssa med s D) “-\
T
o

FETAAERH

Eabs, I9 ns

£33 =

i i
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Side note lI: Definition of dispersive materials needs care !

Material Parameters: myDielekSiC

~

Problem type: | Default v |

I

Mechanics [ Density | Flow Resistance

General | Conductivity I Dispersion I

Themal

General properties

Material name:
myDielekSiC
Material folder:

Type:

I Nomal v |

Epsilon: Mue:

|45 ] K

~ VSR4cSB20170221_s15w20000 \1 = VSR_5c20161221_s15w20000% (] \

Material Parameters: myDielekSiC

Problem type: |Default v |
Mechanics l Density | Flow Resistance
General |  Conductivity | Disperson |  Themal
Electric conductivity Maagnetic conductivity
O B. conductivity: (® Mag. conductivity:
0.0 S/m Io |1 /Sm
Advanced | Parameters [[JAdvanced |Parameters
(® Tangent delta el : (O Tangent delta mag.:
|0.44 | 0.0
at frequency: GHz at frequency: 0.0 GHz
Specffication: Specification
|Const.f'rt tan delta v | Const. fit tan delta
[JUserorder: |1 3 User order: |1 S

Electric Dispersion:

Frequency range [GHz]

Fmin: l:] Fmax: |7.06148

Nth Order Model, N=1 (Constant Tangent Delta Fit)

L e S S

T [
— Eps' (Fit)

Frequency / GHz

79
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How develops the total energy in the system?

Field Energy / dB normallzed to maximum value = 0 dB

except of trapped fi f elds, e.g.

4 Tl I S S SN SO AU At S L At -2

vqume

40000 500 60000 70000 80000 90000
Time / ps
field energy decays through ports,

wall losses, dielectric losses ...

30000

bunch enters the
volume
scattering of field energy into the structure;
re-fed out of infinite kinetic energy of
STIFF bunch;
all loss mechanisms apply simultaneosly
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So, what to tell the wakefield solver ?

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

walls, dielectrics

Y V& TN MR W .

2. the boundary conditions, esp. at the beam pipes (preferably waveguide ports
overlaying PEC) and large openings like pumping ports (preferably open

boundary)
Boundary Conditions -
Boundaries | Symmetry Planes | Boundary Potentials |

[] Apply in all directions

Xmin: | electric (Et = 0) v| Xmax: |electic (Et = 0) v/
Ymin: lopen V‘ Ymax: lelectric (B=0) vl
Zmin: Iopen VI Zmax: lopen vl
ond.: (1000 S | Open Boundary... |

0K H Cancel || Help

8l H.-W. Glock, HZB



So, what to tell the wakefield solver ?

3. the beam parameters

3a. the wake integration scheme (avoid ,,direct” unless v < co or you can afford very long beam

pipes |)

~ VSR4cSB20170221_s15w20000 \

,,,,,,

Sigma 14.5 mm
Max. heam frequency (-20 dB) 7.06148 GHz
Beta 1

Charge 1e-09C

Define Particle Beam

Name:

ParticleBeam1

Beam properties

Shape: I gaussian v

Velocity (beta):

Charge: 1e-9 C
Gaussian beam

Sigma: 14.5

Current injection scheme: |Transmission line v|

Mesh settings

Consider for mesh refinement

Lines per sigma:

Beam location

Global beam direction: | + x

Use pick

i1 68

0

Cancel

Preview

Wakefields...

Help

Wakefield calculation

Wake impedance spectrum
["] Apply cos2 filtering

S :

Waké intégration method oK
|Ind"|rect interfaces v I
Cancel

Integration path shift
X-shift: | 0.0
Y-shift: | 0.0 |
Zshift: | 00 |

refine longitudinally as much you

can dfford to reduce ,,grid

dispersion” (15 lines/T is ok)

put it slightly off-dxis to excite also dipole (quadrupole ...) modes
H.-W. Glock, HZB

82

z -4



So, what to tell the wakefield solver ?

3. the beam parameters (cont.)

Name:

ParticleBeam1

Beam properties

Shape:

Velodity (beta):

Charge:

Gaussian beam

Sigma:

Define Particle Beam

gaussian v

1.0

1e-9 C

14.5

OK

Cancel

Preview

Wakefields...

Help

things get difficult if v < co

relevant only for absolute field amplitudes

the longer the bunch, the lower the

frequency range covered: 0 = 14.5 mm
correspond to ~ 7 GHz

... by the way: How scale wake fields if the bunch charge is doubled ?
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So, what to tell the wakefield solver ?

4. the ports

@ Ports
- port1 (Wa150u030)
- port2 (Wa150u150)

- port3 (Wa150u270)

- port4 (Wa150d330)

- port5 (Wa150d210)

e port6 (FPC_a_d)

foe port7 (Wb175u030)

- port8 (Wb 175u150)

- port9 (Wb175u270)

- port 10 (Wb 175d330)

- port11 (Wb175d210)

- port12 (FPC_b_d)

foe port13 (Wc175u030)

foe port 14 (Wc175u150)

- port 15 (Wc175u270)

- port 16 (Wc175d330)

- port17 (Wc175d210)

- port18 (FPC_c_d)

- port19 (Wd150u030)

foe port20 (Wd150u150)

foe port21 (Wd150u270)

- port22 (Wd150d330)

- port23 (Wd150d210)

- port24 (FPC_d_d)

- port25 (BP_u)

e, port26 (BP_d)

particular definitions (esp. mode numbers)

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

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

stepping, otherwise you can fill up any storage medium)

Monitor

Type
(® E-Field (O surface current (LM only)
(O H-Field and Surface current () Power flow
() Farfield/RC (O Current densi
Field source (O Power loss dénsity/SAR
(O Electric enefgy density Preview
(O Magnetic ‘ ergy density

Cancel

iy |

Label
Name: | e-figld (t=0..end(500);y=0)

[v] Automatic

0 _—

Step width: | 500 |

DEnd' 0

o [v]Use Subvolume

Spedification ‘
() Frequen

Start time: | J

2D Plane:

v ¥ v]

XMax: | 4290.56 | + 0.0 |

Y Pos: ICI

ZMin: (425 |- [0.0 | ZMax:|251.806C| + (0.0 |

[] Use same offset in all directions
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So, what to tell the wakefield solver ?

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

for the beam, but all geometrical details need to covered)
Nceis ~107 is close to the limit of 256GB / |2 core workstation; lengthen

bunch as"Wceis ~ (1/0)3; computing time ~ (1/0)4

N I S S S S I A I O
Mesh Properties - Hexahedral li'

Near to model: Far from model:
SN EREmp== SSEEmEe== . : :
\‘ V4 S Cells per wavelength: | 8 % | 6 % ’ ‘
[Juse same setting as near to model | Apply |

Cells per max model box edge v || 20 Lalq LA -
| I = | Bl o
["Juse same setting as near to model | s
Spedials...

Simplify Model...
Fraction of maximum cell near to model v | | 10 @ =i

"7 S S S Mo Statistics

Minimum cell
I | [v] Use same setting in all three directions

Smallest cell: Nx:
[ 0.52786 | [4934 |
- ) | 5.23076 | |45 |
1 — Number of cells: Nz:
—_ [ 1,169,712,960 | [481 |
P
¥
T
X
— x=1098.7 y=30.876 z=0
dx=0.875 dy=0.6877 dz=0.58204
Meshcells 1,169,712,960 ix=1631 iy=295 iz=259
Meshplane atz 0 (Index=259) N A I I A 0 A |

86
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So, what to tell the wakefield solver ?

/. the wake integration length Lyake. This determines the resolution of the

impedance spectrum by Af = co / Lwake . Lwake = 20 m corresponds to

Wakefield Solver Parameters -
Af =~ 12 MHz
Solver settings T
Simulated Wakelength: !
20000} Close
[ ] Store result data in cache Apply

EZ VsR4csB20170221_s15w20000% [ \ "% VSR_20170221_PureEndBellow_Eigen® | \

1D Results\Particle Beams\ParticleBeam1\Wake potential

[l '
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

____________________________________________________________________________________________________________________________________________________________

................................................................................................................

G r ..... . N R g-

a

~

E', L, ‘ \l ﬁ

~

= i °\ N
P U I O OO0 L 1 S LI Y R AN 1 16 1 U R LA R LN 0 N § L £ | W
S SO SUTUUUt OUOUURERARRRRUO: UUOURRSRSRIOS SOOUUPRSSSRRINS SOOI AR SIS S S S—
'10 : t t t t : t t t t

-50 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
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So, what to tell the wakefield solver ?

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

determined by the short range effect only.

MG T T e i B P L e =

1D Results\Particle Beams\ParticeBeam1\Wake potentia

Wi(s) / (V /pC)

10 : 5 ? | E
5 1 ; : : :
-50 0 50 100 Lol 200
R — Y
: s/ mm
g’ j !
[\

00000000000000000000
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And what do you get out - most we already saw

— except of the impedance

E VSR4cSB20170221_s15w20000* \ *** VSR_20170221_PureEndBellow_Eigen* \

1D Results\Particle Beams\ParticleBeam1\Wake impedance [Magnitude]

1.4e+005
—X
: : h : —_Y
' ' 15000 . . , - .
: : é é ' —
1.2e+005 B S bl Rt 14000 --oveee- 0 | [ e S (b
12000 +-ssremmemmmmnen s B T | e T | T T T T SR
1e+005 -r r ------- 10000 --nmeemmemmemmemmemeeeeedeeee o e | e
' 8000 -
80000 - --------------
= ! : 6000
<
O : :
~ ' H i
N ' ' E T B T T SRR | 1 . | SR R ESSERE B S,
60000 - --------------
: 2000
40000 F------mmmmmmm e """" Ob 1 3 5 6 VARRRREE
20000- ----------------------------------------------------------------------------------------------------------------------------------------------------------
0 . Sipos
0

Frequency / GHz

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

Continuous-Wave HOM Load Power Computations

Based on Single-Bunch Wake Simulations
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CST wake-to-absorber calculations (here bERLinPro Linac):

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

. . o ; ;

b
2.) monitor (sufficiently many) waveguide mode amplitudes (dimension W'/2) at all

ports:

0.8

0.6 4--—---344--Ng----------- & ............i.........................E — 03(1),pb
0.4 +----HE¢-H--¥--------- .- .- — 010(1),pb

02 44l YN A T—— A S S —— o14(1),pb

0.2 1
0.4 1----
0.6
0.8 1

1

ma / nac

3.) = (single bunch) time domain port amplitudes
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CST wake-to-absorber calculations:

l.) numericall
y pass a si
single bunch ((reasonably) off-axis) through th
e cavity (chain)

2.) monitor (suffici
icientl .
y many) waveguide mode amplitudes (dimensi A
ension Wl/z) at all

ports:

port X

(14 )\

IR (numerl erminated

cally) reflection-free T
v

position INtO waveguide modes of port €ross

0.8 -
0.6 1
0.4 1
0.2 1---

0 -

al- I section
3 * safe all port/mode amplitudes during entire run for
.) = (single ,
every time step |

92
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CST wake-to-absorber calculations:

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

. . o ; ;

b
2.) monitor (sufficiently many) waveguide mode amplitudes (dimension W'/2) at all

ports:

0.8

0.6 4--—---344--Ng----------- & ............i.........................E — 03(1),pb
0.4 +----HE¢-H--¥--------- .- .- — 010(1),pb

02 44l YN A T—— A S S —— o14(1),pb

0.2 1
0.4 1----
0.6
0.8 1

1

ima / nc

3.) = (single bunch) time domain port / mode amplitudes
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CST wake-to-absorber calculations:
I.) numerically pass a single bunch ((reasonably) off-axis) through the cavity (chain)

— — _'_ . |
. linear and time-
woumerical’ cavity IS like a real cavity linea =
num “
2) M yvariant (ot Ky
e lutions of excitations | reaction

— |linear convo

— 010(1),pb
— 014(1),pb

0 10000 20000 30000 40000 50000 60000 70000 80000
Tima / ne

3.) = (single bunch) time domain port amplitudes
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How do we get the

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

from the single-bunch exited port/mode amplitude Apm ?
|.) Fourier-transform Apm and interpolate it on frequency points (j/AT)

Opm(j) = Interpolate{ DiscreteFourierTr.{Apm} @ (/AT) }, j = I...Nmax, Nmax = fnax- AT

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

Y(j) = DiscreteFourierTr{Gausss+000}

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

B(j) = DiscreteFourierTr.{bunchtrain}

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

Aom() = BG) I Y() * Xpm(j)

5.) Compute for each frequency step j (of width |/AT), the frequency-domain port /
mode power Ppm(j):
Pom(j) = Apm(j) = A%pm())
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VSR (Variable pulse length Storage Ring) beam time structure:

Log10[q/C] ; 2 I?St
: 100 200 ° 300 400 "1
ac 8000 pC, = 4000 pC, 3.7 ps
i 27 ps

-9.0 1320 pC (1440 pC in baseline), 15 ps
640 pC,

-9.5
|.7 ps

~10.0" 144 pC, I.1 ps (not in baseline)

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

time signal of AT = 8 us length = 80 Mio sampling points Discrete-Fourier-
transformed.

VSR — NO: beam dynamics, phase shifts, noise

bERLinPro — O = 2 ps, 1.3 GHz cw, recirculation, white noise charge jitter * 2%,
phase jitter £ 1°, assumed gapping: 2080 bunches + 520 empty buckets
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Spectral amplitude comparison up to 10 GHz:
| VSR-baseline /VSR-extended

Log10[|F (I(t))I] N
7 2x10° 4x10° 6x10° 8 x 10° 1x1010"
-6t
-7t
-8
-9t
-10 L |
VSR: 4 ns-gaps dominant = n x 250 MHz — bessy VSR beam
NO 1.1 ps, no jitter
VSR-extended: interlaced I.1 ps — low charge does not hurt,| — bessy VSR beam
but n x 500 MHz a little bit more exposed WITH 1.1 ps, no jitter

97 H.-W. Glock, HZB



Interpolation of port signal spectra ... unfortunately needed:

Typical workstation (12 cores, 256 GB RAM),
wake simulation acting on ~ 10? mesh cells (hexagonal grid),

response times ~ 10! days :

= ~ 20 m wake length
= ~ 80 ns integration time

= ~ 12.5 MHz frequency resolution

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

98 H.-W. Glock, HZB



Interpolation of port signal spectra ... unfortunately needed:

Typical workstation (12 cores, 256 GB RAM),
wake simulation acting on ~ 107 mesh cells (hexagonal grid),

response times ~ 10! 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

99 H.-W. Glock, HZB



Interpolation of port signal spectra ... unfortunately needed:

Typical workstation (12 cores, 256 GB RAM),
wake simulation acting on ~ 107 mesh cells (hexagonal grid),

response times ~ 10! days :

| 0
Interpolating the spectrum

ion of missin
virtual prolongation f
= ~ 80 ns integration time

f the port signals means d

g wake 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

100 H.-W. Glock, HZB



—a TE10 -~ TE30
Result example: VSR 4-cavity chain, 1.5 GHz: Waveguide port e 121 — 1;1122
bower analysis — using maximum values per frequency of any of = TMI1 = TES1
—- TE20 -~ TM31
| 0 waveguides - TE21 - TM22
—— TM21
o TEO2
VSR 1.5 GHz waveguide power (maximum of 2«5 waveguides) integrated per frequency bin of 50 MHz
2.5 GHz 5 GHz 7.5 GHz 10 GHz
128: two peaks @ 1.75 GHz, 2.25 GHz,TEjo> 50W — 92W of TM22 (1) -signal @ 6 ... 6.5 GHz :;80
20 ] | 120
10r 110 3
d {5 3
— 2 B - 2 c
T T {1 é"
= G—
2 o
e 0Af o1 g
: 3
e o
> <+
=3 . 2
o appearance of wavegu:de modes with increasing cut—off =
0.001 ! : ] .\ W: 1u H a B 10.001 ©
oy || N
[ i. ¥ | | II' @ ':E- 4
@ -
0.00001 2 o ' 1. 10.00001
2.5 GHz 5 GHz 7.5 GHz 10 GHz
f

significant spikes every 250 MHz
101

H.-W. Glock, HZB



Full String Wake Simulations in Various Setups

results, slide courtesy of Andranik Tsakanian

BESSY VSR — SRF Module
Setup — LSSL2

.. 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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HOM Power Levels in Entire Module

BESSY VSR — SRF Module
Setup — LSSL2

: j L | SRF module setup - LSSL2 ] :;,.—_;- B
' 01 1 |Data: wake-20m of 9mm bunch] T

O Tl
e | B
=]
© 7 —t+fgrH-—T T T 1T 1T 1t =—1-
ey . SN NI 1N DU A I B S N S N AU S R A
£ N I I e e e
250 — L R - e e ]
-t
3] IRNTN IR [ R O O N N B
Q41 il in thubiateiieiny mlm Suh nie s Sl i Sl mii e s
o3 +tE--'AF -4 -4
o RN UN I (Y DA N [ e
=20 — ek —+ Q-+ 44+ -1 -4 =+ ==+ -
| il BN (D! REEEEEN U L R R
=11 TN\ TR T JR K T I T
ol | x T Y, S\

115 2 25 3 354455 556 657 78 85 9 951
Frequency [ GHz ]

HOM Power [ W ]

results, slide courtesy of Andranik Tsakanian

VSR Module Power Levels: Baseline Filling Patern

Port LSSL1 LSSL2 SSLL1 SSLL2
1 28,9 289 102,2 58,6
2 102,2 102,1 216,0 217,4
3 102,2 102,1 216,0 217,4
4 157,0 157,1 178,7 179,0
5 157,0 157,1 178,7 179,0
6 195,6 195,5 204,6 231,7
7 46,3 45,8 25,7 25,4
8 230,3 230,1 140,2 140,1
] 230,3 230,1 140,2 140,1
10 163,2 163,7 165,5 165,9
11 163,2 163,7 165,5 165,9
12 221,8 221,3 225,7 223,6
13 52,6 53,0 53,1 52,4
14 249,6 247,2 254,2 251,8
15 249,6 247,2 254,2 251,8
16 185,2 163,9 195,2 171,1
17 185,2 163,9 195,2 171,1
18 240,9 199,9 263,6 207,6
19 96,2 242 59,7 23,7
20 201,5 115,1 210,2 116,2
21 201,5 115,1 210,2 116,2
22 86,0 159,5 90,0 167,6
23 86,0 159,5 90,0 167,6

... we have to face ~5 kW of RF power to be dumped.
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Warm absorber | waveguides modeling, simulation, viewgraphs

courtesy Fredrik Fors, Jiguan Guo, JLab

bellows for thermal and
mechanical decoupling

water cooling

71341

temperature distribution numerically fine

= \
N
- :
— %
s N ey A
- - — () i
b
. \
e -8 o
< 3 )
B AU

absorber tile stress numerically fine
mechanical stress numerically fine 104



We do have

— 2 VSR load prototypes (1.5 GHz) welded (including top, flange)
— | VSR load prototypes (1.5 GHz) not welded

105 H.-W. Glock, HZB



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

File Edit View Project Operate Tools

||::’ @ 1

Window Help

Chl FWD PWR
449.76( UNIT
ch2 Rel PWR VAT
0.047

—

load IDO2

water flow 3 [/min = 0.7 gpm
water temp 91F

RF 450 W

emission factor uncalibrated
spot changed. to last row
(check at loadO1 about
reflection in tile picture)

/stems AB

Manufacturer FLIR S

Model PT1000ST-FLR1

Name N/A

Acquisition Control

o

w

top

Parameters and Controls

[ Communication control

B

PvSimpleUIS:

Application

L=

| I
%1 CPR Cq

(C): Cell ph

[ GEV Device control

l Image stream control

Recording Control

save MG | [ SaveBMP | [ saveRAW | | Log..

Save SEQ | Frame count: 10

Trig
Portl: D Low Port2: 0

Display Control

Auto adjust Adjust once

Stream: 456681 images 59.8 FPS

Camera Control

= &=

Object pars...

Low

Pixel format | Temp. linear 0.01K v
Temp. range |-20-120C v
Frame rate 60.0 Hz S

141.9 °C
Avg: 5ATC
Max: [55.6 °C

write to file
temperature : : :
instrument Settings | File save path settings | General Help
410 //30.47 I I
t0
33.03 S — VISA GPIB boontoon %[GPIBO:6:INSTR ~|
8/14/2018
31.78
thermocouples task
29-96 JZThermocouples Ll
-
¢ FLIR GEV DEMO 1.10 (=& =]
Connection Display
Select / Connect [ Disconnect } [ About... ]
IP address 129.57.200.21
MAC address 00:11:1C:01:BE:64

ROpENChore

SH|B

@

l
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High-power RF test

— good coincidence with simulation result (leftmost row is reflection at waveguide inner surface)

optical reflection of last row

o]
courtesy F. Fors, | |
Thermal analysis results :]
temperature level of copper backplate
dI h' h 3OOC I‘ Ftream: 456681 images 59.8 FPS
unexpectedly high @ cooling o =
water — Pixelformat (Temp. near 0.0 v] P9 spot
[:] Temp. range [-zo-uoc ,] Center spot: 1.9 °C
temperature gradient from backplate to NUC p ;] e
P g P Calibrate... [ ; ] Setup... Avg: \54'70(:
ceramic in good coincidence with W BTC e BET

Alarm

measurement

A ) [meen

|07 H.-W. Glock, HZB



Supplement:

The Warm End Group as Example for Rescaling of Dielectric Losses

VSR_WarmEndGroup_20190131_eigen03 || | = VSR_WarmEndGroup_20190131_wake01* [£J VSR_WarmEndGroup_20190131_mod1_eigen01* [ VSR_WarmEndGroup_20190131_eigen01= [

Wake Integration type : Indirect Interfaces
Simulated wake length : 50000 mm

Wake shift y : 0 mm

Wake shift z : 0 mm
Wake-Loss-Factor : 1.060508e+00 V/pC

Entry interface at x-coordinate: -6.981284e+02 mm (grid-index: 87)
Exit interface at x-coordinate : €.932841e+01 mm (grid-index: 1781)

-_Jll.[‘t_‘“l“é__% -

( ‘I “ B §
ParticleBeam1 B — l_

Sigma 8mm
Max. beam frequency (-20 dB) 12.7989 GHz
Beta 1

Charge 1e-09C

H.-W. Glock, HZB



Beam pipe transitions with warm dielectric absorbers etc.

beam pipe transition with warm dielectric absorber

— space restrictions enforce step-like beam pipe cross section transitions = local wake
power generation

— significant (~ |... 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) 109



Beam pipe transitions with warm dielectric absorbers (bulk dielectric available)

beam pipe transition with warm dielectric absorber

lellllllh --Hl' I
ll'l*lu

e
I mHI

L0110 A
b

L
%

Yy

R
|

—

lossy silicon carbide absorber rings

|10



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

-2000

4000

Probe Time Signals in V/m

3000 {{-

2000 -

1000 1}

0_

-1000 {{{*

___________________________________________________________________________________________________________________________________________________________________

.................................................................................................................................................................

------------------------------------------------------------------------------------------------------------------------------------------------------------------

0

16-008 2e-008 3e-008 4e-008 5¢-008 6e-008 7e-008 8e-008 9e-008 1e-007
Time/s

5e-010  1e-009 1.5e-009 2e-009 2.5¢-009  3e-009  3.5e-009
Time /s

4e-009

method, results, slides courtesy of Thomas Flisgen

H.-W. Glock, HZB



FREQUENCY DOMAIN TRANSFER FUNCTIONS

 FFT[E,(rj 4 t)]
Em,j,k(wn) - FFT[ng(:)]

. FFT[E,(rj4t)]
Ey,j,k(wn) o FFT[ng(:)]

. FFT[E.(rjt)]
Ez,j,k(wn) o FFT[ng(:)]

LL‘T“moo - 1
- M 7
L 1 il 1 1 1 | | |

k
i
M\

I

b

transfer function(s) translate(s) beam current into field components

112 H.-W. Glock, HZB



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:

Em,j,k(wn)
En(rj,k) — Ey,j,k(wn) lvsr(wn)
Ez,j,k;(w'n)

AYj

> 2k

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

///—wn (wn) [E, (1) d

abs

Ymax Zmax

—77/ /rwn (wn) |E, (x| dydz

Ymin “Rmin
y,

final determination of the 2D integrals using trapeziodal rule.

approximation for spectral- and spatial-distributed dielectric
wake loss for periodic beams

113 H.-W. Glock, HZB



TEST STRUCTURE TO INVESTIGATE LOSSES AT HIGHER FREQUENCIES

AbsorberlLeft
90

3 i
: ) ) Q oo Q I % Q
@ dbﬁ’ T‘?TTT?TTT?T?}T?'T T:T'T'TTEFT le'?'? e'f’LLT@T??@?@?@?‘Z’W

Filling Pattern Power Left Absorber Power Right Absorber
o=15mm/10mm/5mm [ c=15mm/10 mm/5 mm

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

simulations should reach at least 15 GHz, better 20 GHz, but ...

| 14 H.-W. Glock, HZB



DIELECTRIC LOSSES IN SIMPLIFIED “STRING”

-

~

e - k discretization of the IOSSy

dielectric absorber

J

— N i

1.5 GHz cavity bellow

bellow

=< L PRt 0L (lib )~ TR T

O
Tiie

B 2 7 R
Model 1 7.3136 426,809,958 2d20h 12 min

Model 2 10 10.2391 1,075,099,752 7d3h11 min

« 112 2D port modes
320 field probes for E,, E,, and E, per beam pipe absorber
« transversal offset of the bunch Ax = Ay = 2.1 mm

15 H.-W. Glock, HZB



RESULTS DIELECTRIC LOSSES IN SIMPLIFIED “STRING”

- " G
1.5 GHz cavity |

bellow bellow

Eihﬁ.w'mun | — = 1\!» TP right ;;iiuii%

Filling Pattern Power Left Power Right
Absorber Absorber
baseline 801 W 1371 W
extended 716 W 1250 W

* 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

16 H.-W. Glock, HZB



POWER DENSITY DISTRIBUTION RIGHT ABSORBER RING FROM MODEL 6

Contour plot of 20 log,[p4(x=0,y,2)] / (W/m3)
0.07

y/m

0.06

: = :
WHHE.
)

\

r—
——
P

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

117 H.-W. Glock, HZB



Supplement:

Redesign of the Warm End Group based on wake and

eigenmode simulations

VSR_WarmEndGroup_20190131_eigen03 [] | = VSR_WarmEndGroup_20190131_wake01* [ VSR_WarmEndGroup_20190131_mod1_eigen01* [ VSR_WarmEndGroup_20190131_eigen01= [

:——“’"‘: SN “,; —— -
LT t/r/ ——

Sigm. 8mm l_

Max. beam frequency (-20 dB) 12.7989 GHz e
Beta 1

Charge 1e-09C

H.-W. Glock, HZB



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

B VsR_WarmEndGroup_20190131_eigen03 — VSR_WarmEndGroup_20190131_wake01* £ | [BZ VSR_WarmEndGroup_20190131_mod1_eigen01* = VsR_WarmEndGroup_20190131_eigen01*

User File: Wake integration infos

mu ng: S0000 mm
0 mm
k h 0 mm
Wake-Loss-Factor 1.060508e+00 C
ace at x-coordinate: -6.581284e+02 mm (grid-index: 87)
at x-coordinate : €.93284le+0l1 mm (grid-index: 1781)

e — |
N L

2000 ~——
2 708 - —
89 GHz Bt FL

119 H.-W. Glock, HZB



Warm end group

— check-up wake run revealed dangerous resonance very close 500 MHz, ...

= VSR _WarmEndGroup_20190131_eigen03 |

_WarmEndGroup_zo190131_wake01*@ B VSR _WarmEndGroup_20190131_mod1_eigen01= ]  [BZ VSR_WarmEndGroup_20190131_eigen01* [

Z / Ohm

2500

1D Results\Particle Beams\ParticeBeam1\Wake impedance [Magnitude]

2000 -

1500 -

1000 -

500 -

......................................................................................................................................................................................

.....................................................................................................................................................................................................................................

...................................................................................................................................................................................

.......................................................................................................................................................................................................

T l*
1.75 2
Frequency / GHz

1 1.25 1.5 2.25 2.5 2.75 3 3.25 3.5 3.7364

120 H.-W. Glock, HZB



Warm end group

— check-up wake run revealed dangerous resonance very close 500 MHz, ...
— confirmed by eigenmode run: 521 MHz, R/Q = 20.4 Q3,Q = 159

E VSR_WarmEndGroup_20190131_eigen01

¥/m (log)

3e+07 Template Based Post-Processing
1 General Results

1e+07 —

Te+06 — 2D and 3D Field Results

4e+06 — IAdd new post-processing step...

- Result name Type | Template name Value

1e+06 — 1 | Rover Q beta=1 (Mode 6) 0D 3D Eigenmode Result 20.39199802
. 7Y Q-Factor (ossy E) (Mode 6) (0D | 3D Eigenmode Resutt | 159.2736669

4e+05 —

100000 :I
0

ISettings... || Delete || Duplicate H Evaluate I @

Abort

Mode 6 E-Field

Component  Abs
Frequency 0.521363 GHz
Phase 0

Cross sect A
CutplaneatZ )00

Maxim 27142

121
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Warm end group — what made the difference ?

bigger gap, longer bellow

new design brevious design

122 H.-W. Glock, HZB



Warm end group
— check-up wake run revealed dangerous resonance very close 500 MHz, ...
— confirmed by eigenmode run: 521 MHz,R/Q = 20.4 QQ,Q = 159

— but: dielectric material parameters (cf. Eichhorn priv.com.) may vary

S VSR _WarmEndGroup_20190131_eigen01*

1D Results\Materials\my_CoorstekSC35_fix\Dispersive
100

—&— Eps” (Data list)
—&— Eps"” (FD - Interpolated)

90 4t doonchonnd _
] Eps" (Fit)

80 1--1- Y
—&— Eps' (FD - Interpolated)

—— Eps' (Fit)
70 1---

60 1----
50 4----
40 1----
30 4----

20 ----

Eps" (Fit) : 65.366988 |: 1 ' : . H ' . ' . 1 ' : i H ' : ' : 1 H ' . 1 ' ' ' ' 1 H ' . 1 ' : .

10 4---4{ Eps’ (Fit) @ 88.916067 [---d-mmdemmnhonmdennndonncbon b denccbonc bbb

0 S N S S S SN N NN N SN S SN S N S S S S S S S S N S S N S S S S S S S N T S S N N S
0.275 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12
Frequency / GHz

123 H.-W. Glock, HZB



Warm end group

— check-up wake run revealed dangerous resonance very close 500 MHz, ...

— ..., which needs to be avoided, options under numerical evaluation

— Mod I:one less convolution: 587 MHz, 21.3 Q, Q = 103, Epeak@1j 7.2 MVIm

E VSR_WarmEndGroup_20190131_eigen01 E VSR_WarmEndGroup_20190131_mod1_eigen01Q2 E VSR_WarmEndGroup_20190131_mod1_eigen01
7 530407 Template Based Post-Processing
Se+07 ; General Results
3e+07 — |2D and 3D Field Results
|Add new post-processing step...
1e+07 — Result name Type Template name Value
7e+06 _— 1 | Rover Q beta=1 (Mode 1) 0D 3D Eigenmode Result 21.37542726
Se+06 —| yd Q-Factor (ossy E) (Mode 1) m 3D Eigenmode Result 102.8720453 |
3e+06 —

0

Settings... H Delete || Duplicate || Evaluate | @

Mode 1 E-Field
Component  Abs
Frequency 0.586669 GHz
Phase 0

Cross section A
CutplaneatyY -1.442
Maximum 7.22775e

124 H.-W. Glock, HZB



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,
RIQ=340,Q =121, Epeak@ij 3.9 MVIm

E VSR _WarmEndGroup_20190131_mod2_eigen01Q2

Template Based Post-Processing
General Results
|2D and 3D Field Results
IAdd new post-processing step...
Result name Type | Template name Value
1 | Rover Q beta=1 (Mode 1) 0D 3D Eigenmode Result 3404872201
2 | Q-Factor (ossy E) (Mode 1) 0D 3D Eigenmode Result 121.1450014
Mode 1 E-Field
Component  Abs
Frequency 5
Phase 0
Cross section A
CutplaneatZ 0.000
Maximum

125
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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/IQ =20.6 Q),Q = 122, Epeak@iy 7.0 MVIm

E VSR_WarmEndGroup_20190131_mod23_eigen01Q* E VSR_WarmEndGroup_20190131_mod3_eigen01Q* E VSR_WarmEndGroup_20190131_eigen01 E VSR_WarmEndGroup_20190131_mod2_eigen01Q2 : Untitled_1* : Untitled_2*
¥/m (log)
6e+07
Template Based Post-Processing
3e+07 — General Results
IZD and 3D Field Results
1e+07 — IAdd new post-processing step...
7e+D6 — |
Se+06 — Result name Type | Template name Value
36406 — 1 | RoverQ beta=1(Mode 5) 0D 3D Eigenmode Result 20.59881657

2 | Q-Factor (lossy E) (Mode 5) 0D 3D Eigenmode Result 122.204059

Delete /

Mode 5 E-Field
Component  Abs
Frequency 0.505223 GHz
Plot attribute Maximum
Cross section A
CutplaneatZ 0.000
Maximum 6.98265e+07 V/m

Field
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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 (),Q = | 14,
Epeak@lj 4.0 MV/m

E VSR_WarmEndGroup_20190131_mod23_eigen01Q* E VSR_WarmEndGroup_20190131_mod3_eigen01Q* E VSR_WarmEndGroup_20190131_eigen01 E VSR_WarmEndGroup_20190131_mod2_eigen01Q2 =2 Untitled_1* == Untitled_2*
¥/m (log)
6e+07 — Template Based Post-Processing
4e+07 —|Il General Results
3e+07 —
2D and 3D Field Resuts
2e+07 —
IAdd new post-processing step...
1e+07 — Result name Type | Template name Value
7e+06 —] 1 | Rover Q beta=1(Mode 3) OD 3D Eigenmode Result 33.46066512
Se+06 ] 2 | Q-Factor (lossy E) (Mode 3) OD 3D Eigenmode Result 113.999857
3e+06 —
1e+06
0

Delete All
Close

Mode 3 E-Field
Component  Abs
Frequency 0.535948 GHz
Plot attribute Maximum
Cross section A
CutplaneatZ 0.000
Maximum 4,04093e+07 V/m

127 H.-W. Glock, HZB



Supplement:

Design Aspects of the Collimating Shielded Bellow

shielded bellow radius 26 mm
with taper, collimating

synchrotron light

128



Synchrotron light power deposition

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

data courtesy Markus Ries

Fl

r-

FI

L
/

| p——— l‘]|w #‘F—ﬁh— ;;‘0*4"!~—”—*—J—‘J— et
1T 18 & B4 3 -i‘e_‘I

! )
!

collimator in quad: | 6 mm off axis

moveable collimator in taper: collimating shielded bellow:

<16 mm off axis 26 mm radius

Prd @ .. collimator in | ...on moveable | ...collimating | ...leaving cold
quadrupole collimator bellow module
'“:"c:l‘v:tg“ 63W oW W 15.3W

data courtesy Markus Ries
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Collimating shielded bellow, inner radius 26 mm

. === ~—= =

F

| [ o ‘

e | AW} AN Lo s I Eael ¥ 2 = il *
B B e S~ Bk

=
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Collimating shielded bellow, inner radius 26 mm

— seven sections for spatial resolution of power loss:
massive copper
stainless steel
stainless with inner copper coating / plating

131



Collimating shielded bellow, fundamental mode losses

5_F_eigen01 ‘ E= vsrColiBellow_175_175_CavPair_Eigen01 (2]

1.66e+07
7.33e+06 —
3.24e+06 —|

1.43e+06
6.3e+05 —|
2.77e+05 —
1.21e+05
52391 —

21986

8555 —
2621
0

4
k..
x

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

132



Collimating shielded bellow, fundamental mode losses

= vsRBellow_175_175_eigen01 ‘ E= vsRColiBellow_175_175_F _eigen01 ‘ = vsRColiBellow_175_175_CavPair_Eigen01 (] \
\ \ do not look too carefully — previous design but
: <] same conclusion
Q-Factor Calculation
H-Field data: |Mode 2 v| [ calaate -
Material /Solid Conductivity Mue | Loss/W Loss/% |Q A
**Cond. Endlosure®* 1.0000e+19 1 1.0270e+00 98.3 1.0633e+10
PEC 5.8000e+07 1 0.0000e+00 0
myStainlessSteel4 2.0000e+06 1 2.0688e-08 1.98e-06 5.2783e+17 Export...
myStainlessSteel2 2.0000e+06 1 4,3691e-09 4,18e-07 2.4993e+18
myStainlessSteel3 2.0000e+06 1 1.787%e-07 1.71e-05 6.1076e+16
myCopper2 5.8000e+07 1 1.7705e-02 1.69 6.1677e+11
=5um** 1.0447e+00 1.0453e+10

Modify... Modify All... Hide / Unhide Hide/Unh. All

Mode 2 SC (peak)

Component: Abs
Orientation: Outside

3D Maximum [A/m]: 28.29e+03
Frequency: 1.750644
Scaling type: Average

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

"Ieft side": Qload,bellow =6.1 - 10! I, Pioss cu @7MVicav = 0.28 Vv, Pioss Steel @7MVicav =~ ow

3 | RoverQ beta=1 (Mode 1) 0D 3D Eigenmode Result 380.7802724
4 | R over Q beta=1 (Mode 2) 0D 3D Eigenmode Result 380.8026181
5 | Voltage beta=1 (Mode 1) 0D 3D Eigenmode Result 2.038462868%¢+06
& | Voltage beta=1 (Mode 2) 0D 3D Eigenmode Result 2.0391857604e+06
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Collimating shielded bellow, fundamental mode losses

E= vsrBellow_175_175_eigen01 | B vsrColBellow_175_175_F_eigen01 ‘ E vsRColiBellow_175_175_CavPair_Eigen01 [ \
\ do not look too carefully — previous design but
: same conclusion
Q-Factor Calculation -
H-Field data: IMode 1 VI Calculate
Material /Solid Conductivity Mue | Loss/W Loss/% |Q A
**Cond. Enclosure™* 1.0000e+19 1 1.0267e+00 33 1.0634e+10
PEC 5.3000e+07 1 0.0000e+00 0
myStainlessSteel4 2.0000e+06 1 3.4154e-03 0.309  3.1964e+12
myStainlessSteel2 2.0000e +06 1 9.9615e-05 0.00902 1.0959e+14
myStainlessSteel3 2.0000e+06 1 2.1766e-02 1.97 5.0157e+11
myCopper2 5.8000e+07 1 5.2122e-02 4,72 2.0945e+11
=5um==* 1.1041e+00 9.8881e+09
| Modify... | | ModifyAl.. | | Hde /unhide | | Hide/unh. Al |

Mode 1 SC (peak])

Component: Abs
Orientation: Outside

3D Maximum [A/m]: 24.83e+03
Frequency: 1.750617
Scaling type: Average

some part of evanescent fundamental mode reaches bellow (from either side; here logarithmic color scaling)
"right side": Qioadpeliow = 2.09 - 10!, Pioss cu @7mvicav = 0.83 W, Ploss steel @ 7MVicav = 0.35 W

3  RoverQ beta=1 (Mode 1) 0D 3D Eigenmode Result 380.7802724
4 | R over Q beta=1 (Mode 2) 0D 3D Eigenmode Result 380.8026181
5 | Voltage beta=1 (Mode 1) 0D 3D Eigenmode Result 2.038462868%¢+06
& | Voltage beta=1 (Mode 2) 0D 3D Eigenmode Result 2.0351857604e+06

= total fundamental mode loss: 0.28 W + 0.83W + 0.35W = [46W = | 5W
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General Results

2D and 3D Field Resuts v/

|Add new postprocessing step...

Type | Template name Value A |
il R over Q beta=1 (Mode 1) 0D 3D Eigenmode Result | 15.7979631

2 | Rover Q beta=1 (Mode 4) 0D 3D Eigenmode Result 4248923775

3 | R over Q beta=1 (Mode 37) 0D 3D Eigenmode Result 2.160673563

4 | Rover Q beta=1 (Multiple Modes) 1D 3D Eigenmode Result

v

[ Settings... | [ Delete | [ Dupiicate || Evaluate | | {1 | [{] [ Delete Al || Evaluate Al |

[ oo | [Ome | [

Mode 1 (peak)
Cutplane Name: Cross Section &
Cutplane Mormal: 0, 0, 1
Cutplane Position: 0
2D Maximum [¥/m]: 147.8e+06
Frequency: 0.4220582
Phase: 0

AN/4-line-like field pattern, accessing beam, RIQ = 15.80 Q), Q = 497,

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

Pbeamioss = 6.70 W, mainly dissipated in steel bellow:  seiiow 5.52429 Watt
InsertUp 0.541045Watt
taperUp 0.
taperDown 0.
DiskDown 0.188161Watt
DiskUp 0.179456 Watt

InsertDown 0.262487 Watt |35



Collimating shielded bellow: Parasitic modes | — 422 MHz

SRCollBellowv2Aa_1

) =) )1
_i/0_1/0_pmu_tigenul

Template Based Postprocessing X

| |
i BESSY VSR bunch spectrum: main spectral property:n X 250 MHz < high bunch charge every 4 ns |
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C_utp@n% N‘?mfe_: |_Crr3_ss Section A
CplnePosion: 0
e
T g
N/4-line-like field pattern, accesging beam, R/IQ = 15.80 Q, Q = 497,
not relevant witlgtandard fill patterngdut in case of single puls mode (20 mA):
Pbeamioss = 6.70 W, mainly dissipated in steel bellow:  se11ow 5.52429 Watt
InsertUp 0.541045Watt
taperUp 0
taperDown 0.
DiskDown 0.188161 Watt
DiskUp 0.179456 Watt
InsertDown 0.262487 Watt 136



Collimating shielded bellow: Parasitic modes Il — 2.155 GHz

[ vsReolBelowv2a_175_175_pm0_Eigen01 [\

General Results |

|2 and 3D Field Resutts v]
|Add new postprocessing step... v I
Result name | Type | Template name | Value IT
1 | Rover Q beta=1 (Mode 1) 0D 3D Eigenmode Result 15.7979631
B R over Q beta=1 (Mode 4) m 3D Eigenmode Result | 4248923775
? R over Q beta=1 (Mode 37) 0D 3D Eigenmode Result 2.160673563
T R over Q beta=1 (Multiple Modes) 1D 3D Eigenmode Result

v

[ Settings... | [ Delete | [ Duplicate || Evaluate | [} ] [Z}] [ Delete Al |[ Evaluate Al |

oo | [ ] [

Mode 4 (peak) \
Cutplane Mame: Cross Section &
Cutplane Mormal: 0,0, 1
Cutplane Position: 0
2D Maximum [¥fm]: 182.3e+06
Frequency: 2.154768
Phase: 0

3\/4-line-like field pattern, accessing beam, R/IQ = 4.25 ), Q = 1490

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

Pbeamioss = 9.16 W, mainly dissipated in copper inserts:

Bellow
InsertUp
taperUp
taperDown
DiskDown
DiskUp
InsertDown

1.19021 Watt
4.69675 Watt

0.

0.

0.

0.0539257 Watt
3.21357 Watt
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Collimating shielded bellow: Parasitic modes Ill — 3.923 GHz

z VSRCollBellowV2A_175_175_pm0_Eigen01 ‘ E VSRCollBellowVv2A_175_175_CavPair_Eigen01 ] \
-

Template Based Postprocessing -

General Results

|ZD and 3D Field Results v|
|/-\dd new postprocessing step... v |
Result name Type Template name Value

1 | R over Q beta=1 (Multiple Modes) 1D 3D Eigenmode Result

2 e O e N )

Settings... || Delete || Duplicate || Evaluate | ‘ Delete Al H Evaluate Al ‘

| Close I | Help |

" Mode 19 (peak)
Cutplane Name: Cross Section &
Cutplane Mormal: 0,0, 1
Cutplane Position:  4.263e-12

Component: Abs
Orientation: Outside

2D Maximum [¥fm]: 89.19e+06
Frequency: 3.922567
Phase: 0

distributed field pattern, accessing beam, R/IQ = 0.734 ), Q = 1038 (no HOM dampers)

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

Pbeamioss = 2.90 W, mainly dissipated in steel bellow: Bellow 2.50393 Watt
InsertUp 0.140266 Watt
taperUp 0
taperDown 0.
. . DiskDown 0.0591205wWatt
this and higher modes are well coupled to the absorbers — [7° " 0 0570810 Hote
InsertDown 0.125486 Watt
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Collimating shielded bellow: Length dependence of parasitic modes

-2 mm +0 + 2mm -2 mm +0 + 2mm -2 mm +0 + 2mm
4|5.8 422.1 423.0 2125.1 | 21548 | 2135.4 3976.4 | 3928.0 | 37844
MHZ MHz MHz MHZ MHz MHz MHZ MHz MHz
143 Q | I5.8Q | 17.1 Q 43 Q) 42 Q) 42 Q) 52 Q 22 Q) 22 Q)

(computed without cavities;
influenced by finite beam pipes)

— no issues from stretching / shortening

— not necessarily monotonous dependence
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Thermal simulation of collimating shielded bellow: Synchrotron light

Incidence of synchrotron light beam of ~ 2 x 2 mm?Z cross section and | | W power
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Thermal simulation of collimating shielded bellow:

Fundamental + parasitic modes + synchrotron light

[E] warmestrom 3: 3,6 W
. W adrmestrom 4 0,3 W
. Wifdrmestrom 5: 0,25 W
[H] Heat Flow: 11, W

Total dissipated power of 3 1.8 W, assuming
— all beam-deposited wake power is absorbed locally

— synchrotron light is fully absorbed

— homogeneous rf dissipation over surface elements 141



Thermal simulation of collimating shielded bellow:

Temperature and convective boundaries = heat sinks

— 2 K boundaries on contact planes to the neighboring cavities

— 5 K boundaries with 0.002 W/(mm? K) convective heat transfer to circular pipes
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Thermal simulation of collimating shielded bellow:

Temperature distribution

\ \
Ll

9,5413 4

52,02

35,938

19,849
16,601
13,354
. 10,107
[] 8,8078
4,4638
3,3923

= 1,5788 Min

96139 2

— synchrotron light power well distributed by copper
— total heat flux to the cavities < | 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)

File “iew Channel Sweep Calibration Trace Scale Marker System Window Help

Marker: 1 of 3 Marker 3 | 3.2360573000 GHz [5]  Marker1 | Marker2 |  Maker3 | 0|

2.00 - 1l 2 1351 0 GHz 43800 dB
2.000dB! 2 ) 9720F7 GHz  -[I5849 dB
0.00dB  LoaM | |ooo . 533990 a? GHz -BSRA1 dBL‘

=
=
=

I'f"-/ [YAVRY A e ) | fl I .
T Wl AR, MM,
5 00 | 'JII ) L l| I r! h'l'\l
' hf AT A
IR
400 af | |
L6500 ’
Fiy
L300
Eigenmode scolver results: £10.00
___________________________________________________________ L1200
Mode Fregquency Accuracy
1 0.422017503820 GHz 4_.815e-09 r14.00
2 1.€1€51850858 GHz 1.505e-08 -
3 1.elec0e8347¢ GHz 1.848e-03 ' 2
& 2.153802¢045¢ GHz 5.84¢ce-07 L15.00
S 2 _66492439661 CGHz 7.97e-07 Ch2: Start 300.000 kHz = Stop 4.00000 GHz
e 2.ee507¢10541 GHz 8.177e-07 Status CH2 511 | No Cor LCL
7 2.9250475742¢ GHz 3.033e-07
8 3.07282254057 GHz 3.€53e-08
9 3.07302474842 CGHz 4 112e-08
10 3.10802452374 GHz €.ee3e-08
11 3.22143178174 GHz 4 _217e-08
12 3.2214375923805 GHz 3.78%¢ce-08
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Conclusion, summary and recommendation:
LJhr wilit, auf unsern deutschen Bithnen
Probiert ein jeder, was er mag;

Drum schonet mir an diesem Tag

Prospekte nicht und nicht Maschinen.
Gebraucht das grol3, und kleine Himmelslicht,
Die Sterne durfet ihr verschwenden;

An Wasser, Feuer, Felsenwanden,

AnTier und Vogeln fehlt es nicht.

So schreitet in dem engen Bretterhaus

Den ganzen Kreis der Schoptung aus,

Und wandelt mit bedacht'ger Schnelle

Vom Himmel durch die Welt zur Holle .

J.W. von Goethe, Faust: Eine Tragodie
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