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Engineering for Particle Accelerators
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SRF Cavities Applications

High Energy Physics Nuclear Physics

W

ATLAS

345 MHz 3=0.40
115 MHz ﬂ=0.15o 172.6 MHz Double-spoke

UPCOMING: LCLS-II, ESS, FRIB, PIP-II, ...

BEAM-PIPE

PIP-II

Modern SRF cavities cover wide range of particles beta (0.05..1),
operating frequencies (0.072..4 GHz) and beam currents (1ImA..100mA, CW & Pulsed)

J€ :
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Development of SC accelerating structures

Cryomodule design

. T Cavity design Vacuum
Machine parameters Issues system Mechanical design
stiffness,
Pulsed operation Lorentz force detuning vibration modes,
tunability,
thermal analysis
" RF power dissipation
CW operation in cavity walls RF design
frequency & operating
— temperature choice,
Beam stability (HOMSs) optimal gradient,
High beam current cavity shape optimization,
Heavy beam loading number of cells,
cell-to-cell coupling,
HOM extraction,
- »| Low Qext RF power coupling
High beam power -
— instrumentation
™~ A.vallablhty of Cryostat design & controls
high-power RF sources =
Beam qua“ty / Input coupler design
(emittance) p| Parasitic interactions
preservation (input coupler kick, alignment) HOM damper design
Low beam power [—%| High Qext, Tuner design
microphonics High-power
Auxiliary systems: AC power, RF controls RF
cooling water, ...
JE :
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Problems of Superconducting Particle Accelerators

* Acceleration efficiency
- max R/Q & min surface field enhancement factors (electric & magnetic)

* High Order Modes (HOMs) dumping
- incoherent effect (loss factors, cryogenic losses)
- coherent effects (emittance dilution, cryo-losses)
- collective effects (transverse & longitudinal beam instabilities)

* QOperation with small beam current
- narrow cavity bandwidth & microphonics

* Field Emission
- multipactor & dark current

* High Gradient pulsed operation
- Lorentz force detuning
* Input Power Coupler
- CW operation (min RF loss & static heat load)
* Beam Instrumentation
- Cold Beam Position Monitor (low & high relativistic beam)

JE :
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SRF cavity design

SRF cavity is a complicated electro-mechanical el Sipor it
assembly and consist of:
- bare cavity shell with power and HOM couplers
- stiffening elements (ring, bars) 1
- welded LHe vessel ‘
- frequency tuners, slow and fast
- vacuum ports

Cavity assembly

AAAAA

2K fill line

Outer magnetic shield

ERL 704 MHz 7-cell cavity

Heater

Fundamental Power
s Hi |
LHe inlet =

Inner magnetic shield o Coupler assembly
€ ’ Slow tuner

Cavity ports

Beam

‘ RF coupler

Alignment puck

A LM

HWR 162.5 MHz cavity for PIP-II ILC 1.3 GHz 9-cell cavity

LS

The design of SRF cavity requires a complex, self consistent electro-mechanical analysis in order to

minimize microphonics and/or Lorentz force detuning phenomena and preserving a good cavity
tunability simultaneously

J€ :
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Main characteristics of SC acceleration structure

O (r/Q) determines the relationship between the acceleration gradient and
energy stored in the accelerating structure W per unit length:

T_E
Q_a)W

O Coupling to the feeding

line: Input coupler
ﬂ _ I:)rad \\\
P N
Ohm :’jﬁv""‘g . ¥~ 9-cell TESLA structure
O Loaded Q:
Q _ a)W _ QO H (A FREQUENCY (MHz) = 1500.0199 E (MVim)
P 1+ IB Magn. field ﬁ

Hpk
669

J Field enhancement factors:

293 El. ﬁeld

. Esurf pk . = Epk
a.) EleCt”C: ke = , 0 18 36 5.4 72 LW
E 0 NORMALIZATION: W=10.001 JOULE
0 2 4 (cm)
Bsurf pk . Geometry of an inner half-cell of a multicell cavity and field
b) MagnetIC: km — y distribution along the surface profile line.
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Main characteristics of SC acceleration structure

10

2f7r_f0.

O Coupling coefficient: ’
f_+f,

c

O High Order Modes (HOM):
a) Monopole HOM spectrum — losses, bunch-to-bunch energy spread,;
b) Dipole HOM spectrum — transverse kick, beam emittance dilution.

HOM frequencies, (r/Q)s and loaded Q-factors are critical, and are the
subject of the structure optimization.

= The structure cell geometry:

Constrains: ellipse
-low field enhancement factors;

-no multipacting.

Elliptical shape for the cell and the iris.

%.,
iy .
| |

Examples:

-TESLA structure; eliipse
-Low Loss structure;

-Re-Entrant structure.

JE :
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Main characteristics of SC acceleration structure

O Resonance frequency of the operating mode f,;

O Accelerating gradient E;

O Shunt impedance r per unit length; Shunt impedance is relationship between the
acceleration gradient and dissipated power P per unit length of the structure. P is the sum of
Ohmic losses in the structure P,,,, and the power radiated through the coupling ports P, .

E2
r=—
P
O Unloaded quality factor Q,and geometry factor G
o j |H |7 dV
oW v

Q - - - !
" Pum  RJIHPdS R
S

ot [|H [ dv

v > R, is the surface resistance, W is the energy stored
J.| H|"dS in the structure per unit length.
S
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High Order modes

= HOM extraction/damping. =Trapped modes.
Criteria: . .
, L The end cells are to be optimized in order
eTransverse modes: beam emittance dilution; . .
L , to prevent the field distribution for HOMs
eLongitudinal modes: power losses, field . : . .
h t bunch-to-bunch d having small field in the end cavities, so-
ehhancement, bunch-to-bunch energy spread. called trapped modes. For the trapped
et modes it is a problem to reduce the loaded

/\ ﬁ Q-factor to acceptable level.

&=

F::g:g”g flang e

— Y

' L

H T
= A
™ Hom coupler .

flang e 115.4 mm po wer coupler
(rotated b y 65) flang e
1061 mm

1276 mm

Coaxial loop coupler for superconducting
TESLA cavities
& Fermilab
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Lorentz Force Detuning

— CEBAF 6 GeV

Amplitude (Norm.)

— CEBAF Upgrade

Energy Content (Normalized)

3 - 1 . . ) 800 600 -4'90 200 o 200
Detuning (Norm.) Detuning (Hz)
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Design approaches
*Aperture choice:

*Smaller aperture - smaller field enhancement factors, higher R/Q;

*Limitations:

o beam losses,

o field flatness,

o mechanical stability,

o surface processing,

o Q.4 (coupling to the main coupler)
o HOMs (trapped modes)

o Wakes (electron accelerators)

SNS (805 MHz): 2a=86mm (

2a=98mm (
HIPPI (704 MHz): 2a=80mm (
PIP Il (650 MHz): 2a=83mm (

2a=100 mm (B=0.9), 2a/A =0.22

3=0.61), 2a/A = 0.23
3=0.81), 2a/A = 0.26
3=0.47), 2a/A = 0.19
3=0.61), 2a/A = 0.18

2= Fermilab
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Design approaches Electromagnetic optimization

TESLA optimized | Re-entrant optimized| LL optimized
Epeak/ Eacc Bpeak/ EEI‘CC Bpeak/ E&JCC

~
S

1 Joule

3
E
:
S
<
Q@

f [mmj

K. [%] 1.9 1.56 1.52

E..i/ i 1.98 2.30 2.36

B....E... | [MT/(MV/m)] 4.15 3.57 3.61
RQ [QJ 113.8 135 133.7

G Q] 271 284.3 284
R/Q*G [Q*Q) 30840 38380 37970

k. (0,=1mm)| [V/pC/cm?] 0.23 0.38 0.38

ky (0,=1mm) [V/pC] 1.46 1.75 1.72
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Design approaches Mechanical stiffness

b e I -~ I FEpE |1 |
% o IR IR
| 7 I
|

'y

Dressed cavity
He vessel

Bellows

Stiffening rings

T H
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Design approaches df/dP optimization

df/dP vs. Tuner Stiffness
o5 R=90 mm
. -0-R=100 mm
s 20
£
T 15
10 -0-0—@ o o o o
5
kN/mm
0
0 20 40 60 80 100

df/dP for stiffening ring R = 90 mm vs. 100 mm
Bellows radius of OD - 125 mm

J€ :
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Design approaches

-0.265

-0.275

-0.285

-0.295

-0.305

-0.315

-0.325

LFD Hz/(MV/m~2) vs. Ring R1, mm

75 80 85 90 95

/Q\

©®-R2=120mm -®-R2=110mm

LFD minimization

For 2 rings LFD~-0.275 Hz/(MV/m)?
For 1 ring LFD~-0.38 Hz/(MV/m)Z.
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Design approaches LFD minimization

LFD vs. Tuner Stiffness
kN/mm

40 60 80 100

-0.745

-0.8

-0-R=100 mm

Hz/(MV/m)"2
H

=
N
]
=
=
\l
(o]

-1.4

-1.6

LFD for dressed cavity with R=100 mm
stiffening rings

2= Fermilab
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Design approaches Tuner options

Lever Tuner design:
Blade Tuner — scaled ILC: * Low df/dP,
*  High df/dP, * Mechanical resonances > 60 Hz;
« Good tunability;
» Less expensive.

* Insufficient tuning efficiency

450mm

Titanium
s Niobium
[ Niobium-Titanium

J€ :
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Tools for SC structure simulations

21

=

Field calculations:
-Spectrum, (r/Q), G, B
-Field enhancement factors
« HFSS (3D);

« CST(3D);
 Omega-3P (3D);

* Analyst (3D)

« COMSOL (3D)
Multipactoring (2D, 3D)
* Analyst;

« CST (3D);

« Omega-3P

Wakefield simulations (2D, 3D):

o GdfidL;
 PBCI;
« ECHO.

Mechanical simulations:
Lorenz force and Lorenz factor,
Vibrations,

Thermal deformations.

ANSYS

COMSOL

0 fm

T. Khabiboulline | SRF cavity design, RF measurements and tuning
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7.09 MV/m

O
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Software packages for SRF cavity design

Software for eigenmode EM simulation.

Domain 2D, 3D

Curved V v - V v i
elements

Mesh type Tetra Tetra Hex Tetra Quad Tetra
Complex solver ' v Vv - - Vv

Parallel ' v Vv Vv - Vv
computing

H-field - = - Vi -
enhancement™

* commercial software
** weighted residual method is applied in order to improve field calculations.

J€ :
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CST Studio Suit Solvers

CST PARTICLE STUDIO® CST MPHYSICS STUDIO CST MICROWAVE STUDIO

Thermal Stationary Solver [ Time Domain Solver [

PIC Solver [ ] ) -
Gun Solver & Particle Tracking 4 |[| Thermal Transient Solver [ Frequency Domain Solver L
Structural Mechanical Solver E§ [Nl 5o de solver B
Mesh Type
HEX @) X X X
TET 2D X X
Sub-solvers
B=1 - Lossless: AKS, TET
B<1 Complex: JDM
Solver Type
Direct X X X
Iterative X X
3% Fermilab
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CST — Computer Simulation Technology

Features

Licensed features:

Feature
Accelerator Components
. Fraontend m
. Simulation Process (
Vacuum Electronic Devices
4 [ solvers

. Time Domain
[ Frequency Domain
] Eigenmode
Integral Equation
Multilayer
Asymptaotic
Printed Circuit Board
Rule Check EMC

. Circuit Simulator
Filter Designer (2D)
Filter Designer (3D)
] Optimizer
. Acceleration Token

Rule Check 5l 2. What tOOI dO

Rule Check Custom d ?

Cable Harness we need: couen My, ' e ‘
W static . )

Low Frequency & h Circuit & Components ‘
] Tracking < {
. Wakefield P g Radar Cross Section ‘
B Farticle In Cell 3. How to use Y v — <
. Tharmal ? E\: \ Biomedical, Exposure, SAR ‘
B structural Mechanics th e tOOI r % e ‘

What we are
doing?

Applications

EMcC 7 EM

Templates

\

#®  Space Applications

r@ Beam Optics

N

Periodic Structures

2% Fermilab

24 T. Khabiboulline | SRF cavity design, RF measurements and tuning 7116/2024



CST Simulation Workflow

1. Creation of the project 3D model
- drawing in the CST GUI (takes time, full-parametrization, easy modification)
- geometry import from 3™ parties CADs (quick, need special license, limited parametrization,
potential mesh problem)

2. Choosing a proper solver
- depends on the problem, available hardware, simulation time ...

3. Setting boundary conditions
- frequency, symmetries, ports, materials, beam excitation, temperature, ...

4. Checking the mesh quality
- generate and visualize the mesh, set initial mesh size, create sub-volumes and modify models
if needed, mesh fine-tuning (curvature order, surface approximation)

5. Solver fine-tuning
- direct or iterative, parallelization, special settings, ...

6. Running first simulation
- check the results, set postprocessing steps, tune & modify the mesh, ...

7. Setting optimization

- set parameters sweep, define the goal function, simplify the model

J€ :
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CST Particle Studio Multipactor Simulation

G. Romanov, FNAL

27047 man: 205w02)

S. Kazakov, FNAL

30K tets 30K tets

16 o .la oY

15 o

14
Sy —W \
wiy £ \
Vi

iy

4 6 8 10 12
E_acc, MVIm

Growth rate, 1/ns

& b & b b 0o 0 2 2 2 © o
a2 w282 8882

MP in ILC cavity
Dependance on matrial models

-O-Mu ial model with elastic and rediffused
-O-Mmmlmom without elastic and rediffused
o 0 2 30

¥ 4 45

c. gradient, MV/m

|I Cavity EM simulation

Setup particle sources =

Particle tracking

=

Post processing

* Complex 3D multi-
sections cavity model

* Precise surface fields

* SW&TW solutions

* Mesh matching with
tracking module

* Advanced field emission
model

* Emitters locations,
numbers and phases

* Material properties

* Multi-particles
approach &
stochastic SE
emission

» Advanced statistics
- numbers
- collisions
- sec. emissions
- dissipations
- trajectories

Secondary electron emission RF discharge or multipactor (MP) might be a serious obstacle
for normal operation of SC cavities and couplers (simulation of SSR1 cavity for PIP-II).

26 T. Khabiboulline | SRF cavity design, RF measurements and tuning
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CST PS Incoherent Losses & Wakes Simulations

Proton linac

HE electron linac (PIP-11)

(XFEL or LCLS-II)

Ofield ™~ Obunch

2a

Y>> 1
* fmax ~ c/oyynen * fmax ~c/a
* for opupeh = S0H, fmax < 6 THz * fora=50mm, fmax <6 GHz

Loss factor depends strongly on the o, !

4

Solve in TD Solve in FD
* computing wakefield and * Jloss factors calculation of
wake potentials individual cavity modes

Incoherent losses introduced by radiated wakefield might be an essential part of the total
cryolosses in the SC accelerating structure.

JE :
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CST Particle Studio Dark Current Simulation

Particle trajectories vs RF phase Gun Solver & Particle Tracking [ Particles distributions:
a) radial , b) angular and ¢) phase

Effect of dark current

* heat and RF loading of the
cavity

 production of avalanches of
secondary electrons

,  accelerating to hundreds of MeV
.- before being kicked out by down
stream quadrupoles

* originating electromagnetic
cascade showers in the

- i InEF = surrounding materials

Challenges of dark current simulations:

- initial broad angular, space and phase distribution

- realistic model of emitters (Uniform, Gaussian, Fouler-Nord.)
- influence of SE emission

- detailed statistics on lost and accelerated particles

J€ :
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CST PS Loss Factor Simulation

Time Domain Time Domain Frequency Domain
.'--, i |

I e

Ultra-relativistic beam (f=1) Highly-relativistic beam ($>0.9) -
Weakly-relativistic beam ($<0.9)
Short bunches (o, < 1mm) Static Coulomb forces HOM modes
* required memory ~ (a/0,)3 * Eguic >> W,  HOM spectrum above
« computation time ~ (a/o,)* * Wrong convolution: J-(Es +W,)o,dz beam pipe cut-off freq.
* long catch up distance ~ a2/20, Solution: Two simulations to exclude E;.* Solution:

Take modes with max R/Q,
Multi-cavity simulation

Solution: Indirect methods

hasszzzzZs-TT.

W,[Vipc]

|

W.[Vipc]
® °

2.0

1.5 4

ooooo

o 5 - o
2, mm] Z, [mm]

* Andrei Lunin et al., “Cavity Loss Factors for Non-
Relativistic Beam in the Project X Linac,” PAC2011,
New York, March 28, 2011, TUPO75

JE :
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CST Design Studio Scattering Matrix Analysis

ILC 9-cell Structure Decomposition

(Upstream End Group) (Middle Cell) (Downstream End Group)
Beam Pipe
End Cell e (8 modes)

HOM1 Coupler

(17 modes)

End Cell
Portd (17 modes)

(pick-up)

Portl
(Main coupler)

Port3 9 Mid Cells
(HOM2 Coupler) (17 modes)

TE 1, Mode (Vert) TE4; Mode (Gor) TMy, Mode (Operating)

S-Parameter [Magntude n dB]

J€ :
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CST Design Studio Scattering Matrix Analysis

Full Structure S-matrix Key features

-100

120 1 » Fast analysis

-140 - . .
= » Precise frequency resolution
B, 160 -
% 150 « Easy phase manipulation
g 201 * Multi-structure chain simulation

-220

-240 -

-260 T T T T T

3.70 3.75 3.80 3.85 3.90 3.95 4.00
Frequency, [GHzZ]
Tips:

= The components have to be non-resonant!

= |eave the regular waveguide section!

= Use proper mode alignment!

J€ :
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Comsol Multiphysics

Multiphysics Software Product Suite

COMSOL Multiphysics®
COMSOL Server™
4 i 5 3 _ & — g - e
g AC/DC 5 Structural ¥ CFD Y Chemical Reaction E Optimization 5] LiveLink LiveLink
5 Module 8 Mechanics Module B Madule E Engineering Module “:,‘ Module E for MATLAB® for Excel®
[a] I o
g \ ﬁ \ B [v] £ g \
g Bl T g E
o
5 RF g Nonlinear Structural Mixer Batteries & Material CAD Impart Design
E Module = Materials Module Module Fuel Cells Module Library Maodule Module
]
o
= -
Wave Optics Geomechanics Subsurface Flow Electrodeposition Particle Tracing ECAD Import LiveLink™
Module Maodule Maodule Module Module Module for SOLIDWORKS®
Ray Optics Fatigue Pipe Flow Corrosion LiveLink™ LiveLink™ for
Module Module Module Module for Inventor® AutoCAD®
Plasma Multibody Dynamics Microfluidics Electrochemistry LiveLink™ for LiveLink™ for
Module Module Module Module Revit® PTC® Creo®Parametric™
Semiconducter Rotardynamics Molecular Flow LiveLink™ for LiveLink™ for

Module Madule Module
MEMS Acoustics Heat Transfer
Module Madule Madule
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PTC® Pro/ENGINEER®

Solid Edge®

File Import for
CATIA® V5

7/16/2024

4 (3 Global Definitians
<i2 Materials
4 TH Model 1 pmogl)
= Definitions
4 A\ Geometry 1
[= Import 1 fimp2)
Delete Entities 1 {dei)
Form Unian (fin)
[ callapse Faces 1elff)

= Materials

MagneticMaterial-StackPolel fmat7)
Magnetichaterial-Toshibal [mat8)
4 ) Electromagnetic Waves (zmw)
B Wave Equation, Electric 1
‘i Perfect Electric Conductor 1
T Initial Values 1
i Perfect Magnetic Conductor 1
4 | Heat Transfer in Solids tht)
B Heat Transfer in Solids 1
‘i Thermal Insulation 1
B Initial Values 1
(B Heat Source 1
i Tempersture 1
i Heat Flux 1
== Temperature 2
= Symmetry 1
722 Surface-to-Ambient Radiation 1
By Multiphysics
4 A Mesh L
A size
Adsizel
Adsize?
[ Free Tetrahedral 1
4~ Study 1
T, Step 1: Eigenfrequency
Step 2 Stationary
4 [Tr. Solver Configurations
4[] Sohver 1 psoi)
4 Compile Equations: Eigenfrequency
i Dependent Variables 1
4 Jug Eigenvalue Solver 1
Direct
X Advanced
A Wamings 1

4 B Results

Data Sets

1 Derived Values
B Tables

¥l 30 Plot Group 3

2= Fermilab



COMSOL. Frequency Sensitivity to Pressure in SSR

» Frequency shifts due helium pressure fluctuations (~few
mbar) df/dp is a major issue in superconducting RF cavities

» Narrow BW cavities with high microphonics levels require
more RF power

» Beam can be lost if sufficient reserve RF power to
compensate for detuning is not available

Helium Vessel pressure surface

Piezos are
used for fast
tuning

J€ :
3¢ Fermilab
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COMSOL. Frequency Sensitivity to Pressure in SSR

Electromagnetic Waves

#Solving only for the RF domain
*Applying the prober boundary

Solid Mechanics

*Solving only for the Cavity Vessel
=Applying the proper fixed

conditions

constraints, symmetries,
displacements, and boundary load

Moving Mesh

«Solving for all domains

#Applying the proper prescribed
and free mesh
deformation/displacement

4

Three
Multiphysic
Modules

>

N

ﬁ Fonm Unign (fin)

Electromagnetic Waves (emw)
S ———

% | Perfect Electric Conductor 1
B Initial Values 1

[E Salid Mechanics (salid)

Free 1l
Inrtial Values 1

Fived Constraint 1
Syrnmetry 1

WR AT AT

i, Meving Mesh [zlg)

Prescribed hesh Displacement 1
Free Deformation 1

Prescnbed Deformation 1
Prescribed Mesh Displacement 2
Prescribed Mesh Displacement 3
Prescribed Mesh Displacement 4
Prescribed Mesh Displacement 5

Mechanics

WY AT AT R N AT

L v

Two
Simulation
Studies

* Eigen-frequency (to find f,)

g2 Study 1
) amﬁ IgENTTEQUENCY

"Pre Sobver Configurations

& Study 2

1 Step Z Eigenfrequency

« Stationary (solving only
for solid mechanics and
moving mesh)

» Eigen-frequency (to find f))

34
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~
» Eigen frequency simulation to find

the resonant frequency (f,)
J

N
e Find the deformation under given
pressure load (P,)

» Update the mesh after
deformation
S

¢ Eigen frequency simulation to find |
the resonant frequency after
deformation (f,)

J
df _fo—fe
dp P,
2= Fermilab
7116/2024



Freguency Sensitivity to Pressure in SSR

Stainless Steel Vessel

Electromagnetic Waves

*Solving only for the RF domain ==
*Applying the prober boundary
conditions

Symmetry

~ Boundaries
Solid Mechanics

* Solving only for the Cavity
Vessel

* Applying the proper fixed
constraints, symmetries,
displacements, and
boundary load

l

* Solving for all domains

* Applying the proper
prescribed and free mesh
deformation/displacement
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Elliptical cavity design

df/dP optimizations of new design for end lever tuner
HB650 MHz cavity df/dP, Hz/mbar vs Tuner Stiffness

15
df/dP, Hz/mbar vs. Tuner 10 “* ‘ j
200 Stiffness ' /./5, —o—
170 .

Bellow 115mm

140 ] Ktuner, KN/mm
110 —Bellow 135mm i
30 N —Bellow 165mm 20 40 60 80 100
50 0.9 Rend:Rregzlllo
20 N — | -10 -8-0.92 Rend=Rreg=110

[
10 2 | | \ -0-0.92 Rend=110 Rreg=120
109 50 100 -15 J

Ktuner, KN/mm 3

KN/mm
-

Stiffness of p=0.92 cavity
KN/mm vs. Radius of the b
Regular stiffening ring

- Stiffness of =0.9 cavity

110 115Rreg, mpg
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COMSOL. LFD simulations

Electromagnetic fields inside the cavity develop pressure on the cavity inside walls
that is defined as 1 2 2
P =Z(ﬂ\H\ —¢|E| )

Pressure exerted by the magnetic field is positive (push) pressure, while it is
negative (pull) for the electric field

Overall frequency shift will always be
negative since the repulsive magnetic
field forces and the attractive electric
field forces both work together to

decrease the resonance frequency of
the deformed cavity, called LFD ™

¥ -15.135 | . s A 7302

-15 -10 -5 0 5

Lorentz forces exerted on the 650 MHz B=0.9 single cell cavity ahead with the radiation

pressure values in mbar at the 3.5 MV cavity voltage. Deformation is exaggerated by 20000
times

J€ :
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COMSOL. LFD simulations

1

Radiation pressure P—_
4

(0 [H[ =, [E[") Af = KI|E

2
acc ‘

s 77 Y Y
U

Green: Ti ‘l_f \‘L
U 'L;

Spring —s. = 1 ]
p g? J’

Spring Constant [KN/mm]

0 50 100 150 200 250
0
Spring Const LFD -0.5
[KN/mm]  [Hz/(MV/m)"2]
¥ -1
Fixed -1.26 E 15 g S —
200 -1.36 S K
100 -1.46 g -2
40 -1.65 £, f
20 -1.85 - T
10 -2.14 = -3
5 -2.62
35
Free 0 -3.69 <
4
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COMSOL. Modal Analysis

39

Modal eigen-frequencies of each cavity
structure can be numerically calculated
using a solid mechanics solver
Any modification on the cavity structure
would necessarily change the modal
frequencies.
The frequency shift in the
electromagnetic resonance frequency
due to the excitation of a certain modal
eigen-frequency could be computed
knowing the energy of that eigen-
frequency.
Moreover, we believe that the modal
frequency will be affected by the liquid
Helium filling the cavity during operation Modal frequencies of the 650 MHz
B=0.9 cavity

J€ :
3¢ Fermilab
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COMSOL. Modal Analysis

10 Lowest Mechanical Resonance
Total Energy normalized on 1mm max-displacement HB650 MHz cavity
Stiffness of the Tuner =0

09 FHz W J
174.1 9.2

0.8
0.7
0.6
0.5
0.4
0.3
0.2
296.6 3.9
0.1 10
W, J 0 FHz W)
5.8 301.9  6.55

2% Fermilab
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COMSOL. Modal Analysis

Mechanical resonances HB650 MHz dressed cavity with tuner

60 | Mechanical 1st Transverse Mode

. ‘
40..0/./.7

R=90 mm

20 E -0-R=100 mm
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50 R=90 mm -@-R=100 mm
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0 T
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COMSOL. Frequency tuning simulations

42

Electric field narm (¥/m)

Line Graph: Electric field norm {\V/m})
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-0.305 mm 4c

—0.2

—0.4

_Fixed

—0.6

-1.35mm

—-0.8

-1.088 mm v-3

AL=0.783 mm, nN=58%
Af~ 153.100 KHz
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COMSOL. Thermal Analysis

= Given the several models of Kapitza Resistance, we tried to use our
experience with the third harmonic cavity to check which one is closer to
measurements

= Mittag model looks the closest with quench field 126mT vs 120mT
observed in measurements, thus it will be adopted

3.50

3.00

= g N
0] (o) o
o S o

Temperature [K]

=
o
o

0.50

0.00

43

Kapitza Layer
thickness is 0.5
: mm
| — I :
——3rd-Kapitza-Amritl 126 153 :
1 ——3rd-Kapitza-Amrit3 =
—e—3rd-Kapitza-Mittag 131 | 132
n n n L] I::
0 50 100 150 200
Peak Magnetic Field [mT]
JE H
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SRF cavity production technology

Parts: D
: ) umbbell
s Parts  Half cell Iris ! Equator
: QcC forming  welding Sl e, welding Qc
tubes RF QC
- - Quality Ch ical Heat F Light
Fabrication C::tll'ol Pro‘catrar;::;raig Treafr?\ent r"l'al?:i?\r;cv Chelriistr\pr

HTS

Vessel Light Quality

Welding Chemistry Control

Testing

String Quality Cryomodule Cryomodule
Assembly Control Assembly Testing
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Material quality control

Technical Specification to Niobium Sheets for

XFEL Cavities

Concentration of Mechanical properties

Impurities in ppm
Ta < 500 H <2 |RRR 2 300
W <70 N <10 | Grain size = 50 um
Ti < 50 O | =10 |Yield strength, o, 50<00,2<100

N/mm? (Mpa)

Fe <30 C | =10 |Tensile strength > 100 N/mm? (Mpa)
Mo <50 Elongation at break 30 %
NI <30 Vickers hardness HV 10 < 60

No texture: The difference in mechanical properties (Rm, Rp0,2, AL30)
orthogonal and parallel to main rolling direction < 20% (cross rolling).

J€ :
3¢ Fermilab
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Material quality control

Eddy current scanning

Coil

Eddy
currents

> @ Coil's
magnetic field

e

Eddy current's
R é magnetic field

Conductive Material

Disks are cut from high purity niobium
sheet and eddy current scanned for pits,
scratches or inclusions of foreign materials

Discs with inclusions of foreign materials or
damage are rejected

2= Fermilab
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Material quality control

Example of the Nb sheet eddy
current scanning test. Arrow
indicates the suspicious spot.

P | ' Iy

] ., *'
§ il 4 P Cu-iik .
i SheeE ’('/’}\ E5  Eedkb | \ 1

1 D0

fu-Kg
:

i
Fa—kg He

‘W ;w“/ \ n
o\ | j}f“ -_

S, ’
|

0 g

1%
Y 5 T n a 10
enangy (L]

SURFA (Synchrotron Radiation
Fluorescence Analysis). Spectrum
of K-lines at the spot area (dashed
line) 1 comparison with spot free

area (full line).

160

The spot was 1dentified as an inclusion of foreign material. Cu and Fe
signal has been observed in the SURFA spectrum 1n the spot area.

2= Fermilab
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Material quality control

Development of SQUID based scanning system
for testing of niobium sheets

excitation
ampiffiuce oscillator
- - 7~
e ~
7%._ phase
power
C(’llﬂ]Wl’lS(illﬂn conl | OH T Gmp“ﬁe'

-

An excitation coil produces

eddy currents in the sample, Prototype of SQUID based
whose magnetic field 1s scanning system for niobium
detected by the SQUID. sheets (in work)
3¢ Fermilab
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Elliptical cavity production

Fabrication: Conventional fabrication (deep drawing and EB
welding of fine grain Nb). Experiences of ca. 20 years of industrial
cavity fabrication are available

Half cells are
produced by
deep drawing.

Dumb bells are
formed by
electron beam
welding.

dumb bells and two end
group sections welded by
electron beam together

Important: clean conditions on all steps
shape accuracy, preparation and EB welding

J€ :
3¢ Fermilab
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Elliptical cavity production

Cavity welding: the general way
There are differences of welding processes in industry

2 8 pieces 1 piece

_/
Degreasing and rinsing of parts
Drying under clean condition
Chemical etching at the welding area ( Equator)
Careful and intensive rinsing with ultra pure water
Dry under clean conditions
Install parts to fixture under clean conditions
Install parts into electron beam (eb) welding chamber

( no contamination on the weld area allowed)
8. Install vacuum in the eb welding chamber <= 1E-5 mbar
9. Welding and cool down of Nb to T< 60 C before venting
10. Leak check of weld

H\1:) 1 pieces @

13 =

N oo k0

J€ :
3¢ Fermilab
50 T. Khabiboulline | SRF cavity design, RF measurements and tuning 7116/2024



Elliptical cavity production

waviLy

_ (9 cell TESLA /TTF design)

Dumb-spell End group 1 “ End group 2

o i

A. Matheisen, DESY

JE :
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51 T. Khabiboulline | SRF cavity design, RF measurements and tuning 7/16/2024



Elliptical cavity production

52

sl )
dﬁ@ g s
=t % S E = v h
ez f:'/
§<§»‘-’§* g Sy
%\ \lI \
e
Il \\\
> NN

MEASURING OF DUMBELL

3.9 GHz half cells and dumbbell measurement fixture

T. Khabiboulline | SRF cavity design, RF measurements and tuning
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Elliptical cavity production

g | e —
3.9 GHz, 1.3 GHz and 650 MHz dumbbell measurement fixtures

J€ :
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Elliptical cavity production

Frequency vs. L2 length
Magnetic BC on iris side

F, 649. 647. 645.
MHz 493 273 169

639.37 644.49

-1.125
Electrical BC on both sides

0 2 4
0[ 644.194 | 642.14 | 640.193 639.34
2| 644.62 | 642.552 | 640.593
4] 644.972 | 642.894 | 640.924

ot 0 2 4 —0— Pi mode

0 0.000 -2.054 | -4.001 639.31 644.43

2 O 426 _1 642 _3 601 70 71 72 73 74 75 76 77 78 79
4| 0.778 | -1.300 | -3.270 650 MHz beta 0.90 copper dumbbell

L, mm | FO, MHz | F1, MHz | dF, MHz
Measured | 213.05| 639.37 | 644.47 5.1

639.36 644.48

639.35 644.47

644.46

639.33 644.45

L1

FUHEYD
RN

=0 mode

639.32 644.44

0.223 -1.04 Expected | 213.8 | 641.167 | 646.206| 5.039
dF, MHz -1.797 | -1.736
Jt :
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Elliptical cavity production

Cavity production steps:
-Eddy current scanning of Nb shits.
-Cut disk blanks with hole in the center

-Flow forming of half cell and trimming iris and equator area with extra length for
tuning and welding shrinkage compensation. No extra length for a tuning in mid-
cells. If pass visual inspection :

-Frequency and length measurements. Sensitivity of the frequency to extra length
Is 14 MHz/mm at iris and -55 MHz/mm at equator.

]
-EB welding of two half cell at iris to form dumbbell. Partual penetration welding =
from both sides. If pass visual inspection : ——— ]
-Frequency and length measurements of the dumbbells. Both mode frequencies F,
and Fyi measured 3 times: 1) without perturbation FO and F1, 2) with perturbation
in 1st Ralf cell Fy; and F; 3) with perturbation in 2" half cell Fy, and F,.
Difference of the frequencies of two half cell can be calculated from these data:
dF:FZ_Fl:(F01 - Fyy tFp _FOZ)/(FOl +F1- Foo 'F12))*k*FO 3885 - Dumbbell F vs Length, Pi-mode.L—_I
Where k~4(Fpi - Fo)/(Fpi + Fo), for a 3™ harmonic cavity k~0.08 MHz  |asso . : = Shovr052mm
-Trimming calculations: 3875 - g Eiﬁ%ﬁﬁﬁé
-Equator trimming 3870 \l\ " 2 Ilengin short
-Equator welding 3865
-Mechanical and RF QC of the new cavity. 5660 ; \%
-Bulk BCP and 800C baking, e  [Length, mm
-RF tuning of the cavity 39 39.2 39.4 39.6 39.8 40

C.3 :
3¢ Fermilab
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Multi-cell cavity field flatness tuning

“Iris”, axial tuning fixture “Equator”, radial tuning fixture

3 ~]’:$ B {
"
8 . |.)
,.—"”-".:.. . __ (2 ks > ' |r
{ :_.:jxﬁ_.v -3 -T_ gt J 3 b
A / /2 .:';/' -~ ~
C AT ROE |
S : ; OAGAS }
."f‘.'a. '0{ N\ a\ 2 ]
&/ S&L X% |
41 'T' f e | A3 L
)= ﬁr : J'"'. \
H 5 HC i
"‘ ’ : 4 o ‘I | ! 8 i
\ "
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Multi-cell cavity field flatness tuning

FNAL elliptical 9 cell cavity tuning procedure. This technique based on bead-pull
measurements of field distribution on operating (pi-mode). Amplitudes of E-field
in the center of each cell used for frequency of individual cells. 40

A A

Normalized field distribution is uniform, Ai=1 for i=1,2, ... 8, 9, if frequency of P SN
each cell are same. When frequency of the cell #n is shifted by dFn=1 kHz field 5 ACTR I A 1)
distribution will change by dAi. . fﬁg %; % I; % er Ef; 1“ }

5 g

dA =K, *dF, - AL AR LA R

Perturbation of frequency of each will change field distribution: 51—/ g g i | ﬁ 1 g 3\%

00 .

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450

Let us solve this equation to find frequency perturbation from field distribution:
dA= K*dF = K *dA = K 1K *dF =dF Before tuning. FF 65%, slope +28 %

Where sensitivity coefficients matrix K calculated from HFSS simulations.

. . . . . TTIAN AN AN AAN
During RF tuning of the cavity we need to tune its operating mode frequency Fo. HiV IR RIS
Also we can not measure individual cell frequency but can measure Fo. Tuning of = IR
cell #n by dFn shifts also cavity frequency by dFe~dFn/9. If design frequency is ~ * IR HRAHREE
Fs0 tuning of the cell should be done by shifting operating mode frequency by: 15 HIEIR IR

dF, =(F,0—F, —dF.)/9 8/
This technique works best when field flatness of the cavity is close to ideal. 2 b 7 i 15 s 2l 2 2o 2 360 s ko 57 40l o 4

Because it linear and based on small perturbations. Tuning is better to start with

most perturbed cell. If field flatness still not acceptable the additional tuning cycle
should be done.

After tuning. FF 98%, slope +0.64 %

JE :
3¢ Fermilab
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Cavity cell centers measurements technique based on bead-pull

We need to measure cavity alignment. Usually people measure it mechanically on the outside
surface of the cavity. This measurements time consuming, needs additional equipment and not
possible for a cavity welded to He vessel.

Calculations of the electrical center of the each cell of the cavity based on bead pull

measurements. It includes next steps:

- Bead pull measurements setup allows positioning of the fishing line in the plane

perpendicular to cavity axes Z. Initial position of the line is go through centers of beam

flanges

- Field distribution measurements in several positions shifted in XZ plane on line parallel to

cavity axes. Usually 5 measurements with displacements -2d, -d, 0, d, 2d.
- Calculations of field Anm maximum in each cell #n center and measurement #m.

- Calculations of electric cell center Xn for each cell #n as a position of 2" order best fit line

maximum. An(x)=A0-

K(X-Xn)2,

- Similar calculations for YZ plane.
- At the end we have coordinates (Xn,Yn) of electric centers for each cell of the cavity.
- Cavity rotates by 180 degree around beam pipe flanges and measurements and calculations

repeated. Combination of these two measurements allow us exclude error of initial

positioning of fishing line.

____________________________

!— ___________ i ____________ : ______ 3 Ar o B : ____________ [ :
T 4 e N
R ORI RN A PRSP . TCCTRRE: EESRERRPRS i
LS : i
(S S A N sl N '
' o : 1
!'_-__E-___‘:'- ___-____'E ______ 2' _9'5'_"""""'F"""' _T__-____-_-'E
S R s E R HREERRE (R
e oo L E e SESTEEE !
I 1 lI F‘-U 1 1 ll

5
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ICL Cavity Tuning Machine
CAVITY TuNIng MACHINE Al _.'J! 1" ﬂ

CONTROL RACK

Tesr -

SIS
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-
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ICL Cavity Tuning Machine

Cell# 2 Initial Frequency 1297.279 [MHz]
[ ] T
= TY1STATIC -1.320 + 0.444 mm
° TAl RS CIFE TyZ STATIC 1754 + 0,766 mm ! ’.‘ r
Out Switch Ty3 STATIC -2,537 + 0,713 mm . [
0.000£0.000 mm " Status STATIC }l‘ L

& e rq

521, dB

| i T 1 i
1.27G 1.278G 1.26G 1.285G 1.29G 1.295G K
“HEE | | spectrum £ Hz a2 e S
Out Switch Out Switch e
0.000 + 0.000 0.000 +0.000 rm els S0s 4Ds -30s 205 -10s 05
1 SPECTRUMMODE  Mode Frequency. DATA PROGRESS (%)
Pmooes  izozsoresse 00:03:34
o / Acton seecton
> Phot o CIsion
@
5
&
@
q
g
-3‘667I ] 1 1 [l [l i ] I [i
1 706G 1.297G 1.297G 1.297G 1.297G 1.297G 1.298G 1.298G 1.298G
SHER m| | spectrum  1297.276 MHz 13:53:02 £ He e
MAX Field  [145.68 1147.409 1149.297 1149.306 1148.571 1148.983 1148.331 |147.883 1148.431
mm&ed 10975713 |0.987295 |0.999942 |1 |0.99508 10997841  |0.993475 |0.990469  |0.994142

Aw AU  7¥ g —1) ., =11, 1
_ov e | & Elipu| = |g?2 = tan @ ~/
o U U™ e+2) Tl u2) w, 20 E~VAw
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ICL Cavity Tuning Machine

Electrical Tuning Model

I

-w“ nl“

¢ ¢ ¢ \ & ‘ ‘ ‘ Y Wil
4@\ Hjc_;-h’\ ”Jﬂ/h\_ ”Jﬂhélrha: }ilﬂ = \' _ i!—-----‘“
—C T T T T |
L I I
2
C,=C, /2 ’2_1+2k[1 cosﬂ]
o, n
Mode

Perturbed
Cell /9 27/9 31/9 4/9 51/9 67/9 T1/9 871/9 s
None 1272962627 |1274957050 1278058814 |1282360406 | 1286719290 1291034246 [1294192355 | 1296275920 | 1297214369
1 1272959699 |1274949285 1278047078 |1282343291 |1286695334 1290996581 | 1294136536 | 1296224176 | 1297205203
2 1272939491 |1274907939 1278012098 [1282330706 | 1286709481 (1291034246 | 1294177869 | 1296239536 | 1297205472
3 1272924645 |1274916603 1278054186 |1282348121 |1286674373 1291000233 | 1294191942 | 1296245084 | 1297200897
4 1272915218 |1274947447 1278037944 |1282313655 | 1286718116 1290998462 [ 1294169950 | 1296259744 | 1297196374
5 1272912506 |1274954947 1278008131 |1282359819 [1286670529 1291034241 |1294151821 1296272762 | 1297192563
6 1272923849 |1274929386 |1278051897 |1282310247 | 1286716636 1290998492 (1294164774 |1296275168 | 1297185955
7 1272938364 |1274907219 |1278040820 |1282355751 |1286676137 |1291000182 1294190354 1296265922 | 1297181903
8 1272952642 |1274921183 1278006846 |1282322376 | 1286706288 1291034210 |1294182137 |1296251275| 1297179711
9 1272961664 |1274951633 1278046252 [1282339175 |1286688707 1290997073 |1294153570 | 1296241250 | 1297179205
None 1272962524 |1274957210 |1278058803 |1282360435 |1286719310 |1291034246 | 1294192366 | 1296275951 | 1297214419

Example Bead-Pull Frequency Data from a 9-Cell Tesla Style Cavity
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ICL Cavity Tuning Machine
Cavity Alignment

:v

s D [ 1 TR
-2%5-20 -10 O 10 2023
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ICL Cavity Tuning Machine

Laser-based alignment correction

Frequency tuning of the cavity cell in the Cavity Tuning Machine based on deformation
of the cell in axial direction. Deformation provided by three motorized Arms located

around the cell in the plane perpendicular to cavity axes uniformly every 120 degrees. Jawl moving
@ Jaw2 moving
Jaw3 stopped

&

Arm #1 is located on the top of the cell. Arm #2 is in the right side of the cavity, when
we look from power coupler end of the cavity. Arm #3 is in the left side of the cavity in
same view. & &/ & \&@\ & Jawl continue
Each Arm ends with Jaw each side located in plane of one (of two) Irises of the cell.
Jaw distance can be changed by stepper motor with gear box independently for each
Jaw.

During the tuning Jaw distances change causing axial deformation of the cell.
Frequency of the cell and cavity drops when distances decrease, and the frequency
goes up when distances increases. Note: for safe operation Jaws can not move in
opposite direction.

We need to redistribute Jaws motions to improve cavity alignment. Laser based Cavity
Alignment Control System is used for this purpose. Beam emitted from Laser installed
on Cavity Coupler end Beam Pipe Flange reflects from mirror installed on another end
Beam Pipe Flange. Retuned laser beam image detected by camera installed on same
flange as Laser. Any angular change between two Beam pipe flanges cause change of
laser beam image spot position. Alignment conservation technique is based on keeping
laser beam image spot position as close as possible to the initial position during cell
tuning.

Another advantage of laser-based Cavity Alignment Control System is possibility to
perform control during aligning of the cavity. It is necessary for a cavity with bad
alignment originally, before tuning.

So we need a technique to control cavity alignment during frequency tuning. It will
allow us to keep cavity alignment and even improve it.

J€ :
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HOM notch frequency tuning

-100-
-105-

-110

-115_I | 1 | 1 1 I 1 I 1 I I 1 1 I 1 I
1270 1272 1274 1276 1278 1280 1282 1284 1286 1288 1290 1292 1294 1296 1298 1300 1

E\ li
A

W\ VAV

Red - 521 main coupler to HOMpu.

Black - S21 HOMc to PU

Green - $21 main coupler to peek-up PU ]

1

S21 power coupler to PU

S21 power coupler to HOMpu

521 HOMc to PU

64

-100-

g 3 8 g 5

8

| | | 1 1 I 1 1 1 I I I 1 I I 1 1
1270 1272 1274 1276 1278 1280 1282 1284 1286 1288 1290 1292 1294 1296 1298 1300 1
F. MHz

S21 power coupler to PU
Red curve [S21/S21|

Black curve|S21/521|
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HOM notch frequency tuning

U B B 1 5 ¥ F M Q PU  HOMpu HOMe
Lt 127198 977 126E+00 277EH01 BO99E-02 3749 3.003
-10 P W 127427 9397 JO0BEH0 1.01EH2  3.03E-01 3379 4202
P‘|4; 127776 9860 120E+01  2.01EH2  5.TOE-01 2851 3324
-20 ——g| 1282.08 9869 243EH01  3.15E+02  B.TIE-01 2207 23513
1286.69 9320 447EH1 4.00EH2  1.02E+H00 1319 1.399
30 1201.09 0826 TO3E+01  4.08E+02 1.02E+HDO 0.873 0.900
129466 0863 BA2EH01  LTSEH02  4.73E-01 0.333 0395
1287.07 9697 S01E+01  3.14E+01 B95E-02 0.067 0.078
-40- 1297 89 9429 40EH1  343EH01 1.01E-01 0.146 0.078
HOMpu | HOMe
=0° 1297.2 [1297.0
ii 60- 18
—+—HOMpu
S 16 M
a . HOMc
_m— 1-4 \
12
-80 -
1.0 v =013399= T 18796
50- 08
nil
-100- — . 0.4
Green - S21 main coupler to peek-up PU. 02
R - v=-Uldrax T IFLLT
110-#% | Red - 521 main coupler to HOMpu. 00 , , , , ,
Black - S21 HOMc to PU 0ol286 1288 1200 1292 1294 1296 8 1300
-lm_l 1 I ! I I I I I I ! I I 1 1 1 1 0.4
1270 1272 1274 1276 1278 1280 1282 1284 1286 1288 1200 1292 1294 1296 1298 1300 1302
F, MHz
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HOM notch frequency tuning

Notch frequency tuning tool
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HB650 3=0.9/0.92 cavity for PIP-1l design
PIP-Il Layout

N 2 2

67

4—P 4—?4—!4—?

162.5 MHz 325 MHz 650 MHz

0.03 MeV 0.03-10.3 MeV 10.3-185 MeV 185-800 MeV
Section Freq Energy (MeV) Cav/mag/CM Type
RFQ 162.5 0.03-2.1
HWR (B,,=0.11) 162.5 2.1-10.3 8/8/1 HWR, solenoid
SSR1 (B,,=0.22) 325 10.3-35 16/8/ 2 SSR, solenoid
SSR2 (B,,=0.47) 325 35-185 35/21/7 SSR, solenoid
LB 650 (B,=0.61) 650 185-500 33/22/11 5-cell elliptical, doublet
HB 650 (B,=0.92) 650 500-800 24/8/4 5-cell elliptical, doublet

T. Khabiboulline | SRF cavity design, RF measurements and tuning
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HB 650 MHz Cavity Helium Vessel

68

components:
Long Cylinder
Transition ring MC end

Transition ring FP end

2-phase pipe assembly

 a—

Bellow assembly

Lifting lugs

Transition ring FP end |.

Support lugs
Lifting lugs
Helium inlet

2-phase pipe assembly

O 0 N o U B W N oPE

10. Bellow restrains
11. Magnetic shielding
(external)

Transition ring MC end

Long Cylinder

Bellow assembly

Tuner mounting lugs &

Helium inlet

Tuner Support
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The Scope of EM-Mechanical Design

GOk whE

69

Minimize a sensitivity to microphonics due to He pressure
fluctuations (df/dP) and mechanical vibrations
Minimize a Lorentz Force Detuning (LFD) coefficient
To keep the stiffness and tuning sensitivity at suitable level
to allow for tuning.
Keep provision for slow and fast tuner integration.
Enough strength to withstand atmospheric pressure
Dressed cavity has to be qualified in 5 different load
conditions by stress analysis

Warm Pressurization

Cold operation at maximum pressure

Cool down and tuner extension

Cold operation at maximum pressure and LHe weight

Upset condition — Insulating and beam vacuum failure

J€ :
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Cavity stiffness simulations

Surface: Displacement field, Z component (m)

14
12

L T N O < I v s

110

Stiffness kN/mm, vs. R2, mm

120 130

140

°t?1(§01 4 4815710
x1078

70

110
115
120
125
130
140

4.75
6.2
7.3

8.75

10.3

14.7
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30

20

10

X1, mm 0.295
X2, mm 0.016
o bellow, MPa 52
o cavity, MPa 10
105/118 0.38
106/117 0.37
62/68 0.33
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Stress analysis

Insulating vacuum — P,

Pressure in LHe volume — P,

Applicable

Load Loads C-ondltlon Applicable Stress
Case Simulated Temperature Categories
1. Gravity Pm, P, Q
1 |2 P,=03 MPa Warm 203K  |[Pm+P,,
3.P,=P,=0 Pressurization P,+Q
1. Gravity Cold operation, full Pm. P
- . . . m, | B Qa
2. Liquid Helium head LHe, maximum
2 |3.P,=04MPa preséure —no 2K Pm+P,,
4. P,=P;=0 thermal contraction PL+Q
1. Cool down to 1.88 K Cooldown and
3 |2. Tuner extension of 2 mm |funerextension, no 2K Q
primary loads
1. Gravity Cold operation, full
2. Liqllid Helium head LHe inventory’
3. Cooldown to 1.88 K maximum pressure
4 g £u=mi]r 4671(:;11)121011 of 2mm|_ primary and 2K Q
6. Pl _ P 0 secondary loads
* =2 3
1. Gravity Insulating an(ti beam Pm, P, Q,
- vacuum upse
5 > 11;1 _‘1], o1 np helium volume 203K g™ v
3. P, =P =0. a evacuated 1t Q
71 T. Khabiboulline | SRF cavity design, RF measurements and tuning
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Stress analysis. Allowable Stresses (MPa)

Allowable Stress (S) for materials Allowable Stress (0.6xS) for weld joints
Material 2K 293 K 2K 293 K
Nb 171 25 102.6 15
Ti-45Nb 156 156 93.6 93.6
Gr. 2Ti 319 99 191.4 59.4
Stress Category
Pm P P, (orP.)+P, Pn(orP )+P, +Q
Material 2K 293K 2K 293K 2K 293K 2K 293K
Nb 171 25 256.5 37.5 256.5 37.5 513 75
Ti-45Nb 156 156 234 234 234 234 468 468
Gr. 2Ti 319 99 478.5 148.5 478.5 148.5 957 297
Nb Welds 102.6 15 154 22.5 154 225 308 45
Ti-45Nb Welds 93.6 93.6 140.4 140.4 140.4 140.4 280.8 280.8
Gr. 2Ti Welds 191.4 59.4 287 89 287 89 574 574

Note : The allowable stresses have not been reduced by 0.8 (recommended by point 3.4.1.10 of TD-09-005,
confirmed by Tom Peterson). For welds it has been reduced by factor of 0.6.

Pm = primary membrane stress; P, = primary local membrane stress P, = primary bending stress
Q = secondary stress

2 Fermilab
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Stress analysis. Linearized Stress Table (MPa)

73

Location P, S, P.,+P, S,
A (Nb-Ti weld tuner end) 1.08 93.6 2.05 140.4
B (Bellow lower weld) 36 59.4 60 89
C (Bellow weld) 36.8 59.4 69.82 89
D (Bellow upper weld) 28.8 59.4 54.87 89
E (Nb weld at end cell) 4.46 15 5.53 30
F (Nb weld at Iris) 4.28 15 7 22.5
G (Nb material near 5.66 25 12.4 37.5
stiffening ring)
H (Nb weld at equator) 6.33 15 11.62 22.5
| (Nb-Ti weld coupler end) 4.92 93.6 7.1 140.4
3% Fermilab
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Simulation of stresses during production

74

v s Cavity length
S | S . . i
§ |8 The steps during cavity Insulated Cavuf(y He Forges on the changes,
3 | @ ) Vacuum, |Beamline, | Vessel, |cavity flange for |for non-
§ | 8 | assembly oroperations bar bar bar [fully constrained |constrained
Q| % cavity, kN cavity, mm

" Cavity after dressing 1 1 1 0 0.00

T Cavity leak check at the

av4 - -

o clean room 1 0 1 3.83 1.10
X | @ He Vessel leak check during
o
% *3 CM assembly 1 1 0 0.014 -0.03
2| = He Vessel pressure test
§ < during CM assembly 1 1 3.3 -0.03 0.06
- He Vessel leak check during

CM testing 1 0 0 -4.4 -1.10

° He Vessel pressure test

Q - -

2 | © |ouring cm ey 1 0 3.3 3.87 1.01

(%]

£ tart of cooli M
5K E Start of cooling down CM or 0 0 15 -0.02 0.04

Q HTS
2K | 2 Operating condition 0 0 0.03 0 0.00
oK Cold loss of vacuum accident 0 0 4 -0.05 0.10
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LCLS-Il Tuner Electro-Mechanical Design

 TJuner must tune cavity (slow and fast) and protect cavity/He
Vessel system during CM production cycle and operation of
the accelerator

» Tuner needs to fit the existing inventory of cavities at FNAL.
.. ’short-short” (cavity built for slim blade tuner for
CM3/4/5...).

» Active tuner components (electromechanical actuator&
piezo-stack) need to be replaceable through special ports,

* High reliability of tuner components (electromechanical
actuator and piezo-actuator);

« Tight requirements for slow/coarse & fast/fine tuning
resolution > cavity has narrow bandwidth (F, ,~15Hz) and
resonance control requirements AF,,,,=10Hz (or c=1.5Hz))

J€ :
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LCLS-Il Tuner Electro-Mechanical Design

76

nominal 250kHzE]
Slow Tuner frequency range
maximum 450kHzE
. .
Slow Tuner dimensional range nominal 0.75mmi
maximum 1.3mm@
Slow Tuner sensitivity 1-2Hz/stepl
Fast Tuner frequency range 1kHZzP!
Fast Tuner dimensional range 3ump
Fast Tuner tuning resolution 1HZzP]
Fast Tuner stroke resolution 3nme(
Fast Tuner response bandwidth SkHzP]
Min. tuner stiffness 30kN/mmp
Min. tuner mechanical resonance SkHzE]
insulated vacuum
Tuner operating condition T=20-60K[
Slow Tuner/ electromechanical actuator lifetime 1000 spindle
(20 years) rotationf
Fast T i ifeti
ast Tuner/ electromechanical actuator lifetime 4%10° pulses
(20 years)
2= Fermilab
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LCLS Il Tuner Schematics

» Slow/Coarse Tuner is double lever tuner (close to design of the SACLAY 1)

* Coarse Tuner ration 1/20 (Saclay 1~ 1/17)

* Fast Tuner - two piezo installed close to flange of cavity /translation of the
stroke from piezo directly to the cavity

A

,,;_»,D—<ﬂz:: NG HE VESSEL
4 A

PIEZO ACTUATOR ﬂg

ENCAPSULATED "PI CERAMIC" —__ \CAVITY ST\FFNESS 3.0 KN/mry 5E
V\"" ‘W}l:t\\

“\
TL\ * 1 CLAMP RING

Fscr=120N f “‘-\,\
(@
P I @
— /
= a"‘
ADJUSTING SCREW BALLL BEARINGS

ELECTROMECHANICAL ACTUATOR —

"PHYTRON"
LCLS=II CAVITY SIDE TUNER SCHEMATIC

J€ :
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Design of the LCLS Il Tuner

design included several features specific to requirements that electromechanical
actuator and piezo-elements replaceable through special designated port

J€ :
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Details of FAST (piezo) Tuner design

Encapsulated piezo designed and
manufactured by Physik Instrumente
(PI) per FNAL specifications.

Each capsule has inside two
18*10*10mm PICMA piezos. Piezo

preloaded with 800N.

3£ Fermilab
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Forces/stroke on the cavity/He vessel system

a8l @ _- |Forces on F
HE 5| .| B, cavity flange ;
z| 5 The step during cavity £ 3 5s £ 2 with Cavity length + < -
g E asse mblv ar Dperatio ns _3" E t:I']__ _‘E E _I'E ﬂbsolutelv will ChﬂnEES if E Insulated Vacuum
i S =  |restrained flange non- i
28 T lcavity, kN restrained, mm eV 4 \
Cavity is relaxed after HV
0 welding L B E 0 0 . )
el , Cavity/He Vessel Leak Checkt 1 1 0 Cavity Beam-line
= at MP3 . '
o
& Cavity/He Vessel Pressure He Vessei
: ? test at MPS ! 1133 | _
E Cavity/He Vessel Leak Check i
_ g 3 in CM 1 0 1) + = o e
= Cavity/He Vessel leak check
% 4 in Clean Room 1 0 1 X
§ 5 He Vessel Fg:;sure testin 1 0 2.3 Reqmrements: |XT=JGEIK| < 0.6mm
[ -
6 | startofcoolingdowncM | @ | 0 |13 To preserve cavity in elastic region
E Linac maintenance (e.g., \
E tuner or interconnect access) 1 0 1.4 ) )
z ) Final design of the Tuner and
a | 8z |Tuner access and disconnect 4 0 (1] . .
2 (eg. replace plezo), what s ~ restrained brackets included
5| 8 | max cryo system pressure 1 0 2.5 . -
— requirements to protect cavity
in 2| 9 End of cooling down 1] 0 1.5 d . " t
=
2 15l 10 Operating condition 0 |003| 0 Ur")g a _S eps. )
o Worst case celd loss of 1 O 4 caVIty w'" be always In
in 11 |vacuum accident. Will piezo| 0 0 4 . i i
and tuner survive? k. EIaStlc reglnn
_S-Il Director's Re\i"lew, Febmaw 17-1 Qr 2015 Piezo_stack WIII handle these forces
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Tuner Test results at HTS
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Tuner Test results at HTS

Cavity Frequency vs Motor Steps ( cavit]! 3%1‘ 2K)

___|r Haorizontal (Value) Axis Major Gridlines l

T

450kHz ———
| nominal

Slow Tuner ﬁ'ﬁqm ———
maximum

nominal

Slow Tuner dimensional range

maximum

A
¥

Slow Tuner sensitivity

X
\
-

%

X
Cavity resonance Freq:

/ 1299
-

299.55
-350000 -300000 -250000 -200000 -150000 -100000 -50000 0 50000
Stepper Motor Steps

:
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Piezo Tuner Range

83

Fast Tuner frequency range

Fast Tuner dimensional range

0

-500

-1000

-1500

-2000

-2500

Cavity Frequnecy Detuning, Hz

-3000

20

ESeEisSs

0 0 0 AO I(LO 17
iezo Voltage (DC), V

N

\\\

AF=2.7kHz (100V)

Tpiezo~20-60K
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High reliability of tuner components

1. Phytron electromechanical Actuator (stepper motor/planetary gear/Ti

spindle) (designed per FNAL specs in the frame of the Project X.)
Joint test (JLAB/FNAL) of production unit is underway at JLAB

-
[
Picture Name é Gear Box Spindle/Nut Forces Longevity tested
tested inins.
ﬁ vacuum at HTS for
- planetary | .. . 5000 turns
LCLS Il | § |gear(ration | "AMUM&SS | ) 1300N || (5XFELlifetimes).
" M12™1
<, 1:50) In the force range +/-
& 1500N. Motor run
with current0.7A

2. Piezo actuator — encapsulated piezo made at Pl Ceramics pelr FNAL
specification for LCLS Il project

ed piezo lifetime program is underway at FNAL )

-~

(Designat

»
7
’
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LCLS-Il Tuner Summary

» Design of the LCLS Il prototype cryomodule Tuner is mature.
Several small issues found during prototype assembly and
testing were corrected. Questions/comments from previous
reviews were addressed.

» Tuner parameters, measured during tuner test at HTS,
meet/exceed technical requirements specifications.

» Reliability of the tuner is addressed by two measures: tuner is
accessible through designated ports and the active
components (electromechanical actuator& piezo-actuator)
llustrated reasonable longevity

» Preservation of the cavity QO with tuner (remnant magnetic
field) will be tested in mid-March

» Procurement of long (~3 months) lead components (stepper
motor and piezo-actuators) can be started
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Power coupler design

V2 (g)'Qleo (g)‘QL'Ibo
P, = —5&—1(+ cosg,)” + (tany + ————sin ¢, )’
TTF-3 Coupler
tany = -2Q, £=% = _2q, A
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Power coupler design

87

waveguide to room light detector (PM)
coax temperature

transition window

warm vacuum warm coax cold coax
pumping port @ 62 mm @ 40 mm
Z=50 0hm Z=70 Ohm

cold window
4.2 K point

bias voltage
feedthrough

pickup
isolating roomtemperature 70 K point 1.8 K
Kapton foil 1solation vacuum flange to
flange cavity
& Fermilab
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Power coupler design

TRISTAN Type Coaxial Disk Ceramic

T T - 2
R 195 63 |
— Bear;n pipe
l S . g8 — —— ‘J:_7L__;:
| _ /|
h ' ! t \\P’ i ’
mﬁ X“ 484/
i A f )
. 5K cooling here
Door‘k”f)b Vacuum port 80K cooling here
conversion
Qext = 2.0 x 108 | 80K SK 2K
Prf = 350 KW Static Loss 5W 11w  0.05W

Dynamic Loss 3W 0.2wW  0.03W
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Power coupler design

Cold measurement.

TOSHIBA did mechanical job perfectlyl These rather complicated devices was built without any
single preliminary RF cold measurements. But we got good SWR instantly just after assembling!
It was a big relief.
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Power coupler design

Components for
High Power Test Stand

Input Couplers Doorknobs _
3% Fermilab
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Power coupler design

Capacitive-coupling Coupler

Metal rods Metal rods WR650 waveguide

-

Bellow

Removable nose Bellow Cold window Warm window

Coupler can be modified to have changeable coupling.
Two bellows allow to move middle part of coupler with antenna.

J€ :
3¢ Fermilab
91 T. Khabiboulline | SRF cavity design, RF measurements and tuning 7116/2024



Power coupler high power tests

Vac pump

Water load

Arc detector

ﬁ\ 1
[:::::t::,ﬂ/ Ea

: DC

<=
Movable short

Arc detector

Waveguide

Arc detector | Arc detetcor

Vac pump
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Power coupler high power tests

93

to RF LOAD

T. Khabiboulline | SRF cavity design, RF measurements and tuning

1.3 msec, 1 MW, 5 pps

NOTE : Cross section [em?]
ILCASMVM: 22.6

S5-band: 24.5

€-band: 10.5

2% Fermilab
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325 MHz coupler

Spring to compensate

Cryomodule flange
thermal expansion

“SK” intercept
“80K” intercept

325 MHz
Ceramic window
/ >1 MHz
_ . 25 kW
Matching bump V ~2kV
Arc detector
Cold flange
e-pickup port P, 2K/Pl, 15K /Pl, | 125K/
i 3”x 0.0158” kW W W PIl, W
Bellows .
Falnlesssecitubs 0 0.06/ | 058/ | 2.02/40
Heater (~ 10W) 52 151
3 0.10/ 0.81/ 2.35/47
86 211
. o 6 0.15/ 1.03/ 2.68/54
Air inlet Capacitor 3-1/8” coaxial input 129 268

20 0.35/ 2.07/ 4.25/ 85
301 538

30 0.50/ 2.82/ 5.36/
430 733 107
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RF kick caused by the input and HOM couplers

]

i
IWRUATATR G
Emum

1

O R 9

1
1

1 1 { I

ey I 1

]

il 7 AT A
]

Z
i
i

RF voltage: Transverse kick:

U=(2PZ)*?, Z-coax impedance; AD G K

for P=300 kW and Z=70 Ohms yo Pt Y okY =10""
U=6kV AU, 2U,, 2x30MV

Transverse kick caused by the couplers acts on a bunch the same direction for all the RF
cavities of the linac.
Real part may be compensated by the linac feedback system;
Imaginary part dives the beam emittance dilution (here fis beta-function, o is the bunch
length, and U, is the initial beam energy): rv’E’c’ By
~y ! — 0
7/g~7/(zmax)ymaxymax_ 22 Uz
RF0
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Beam Diagnostics

* Beam Position and Phase Measurement System
(button —type or stripline BPMs)
* Beam Loss Measurement System
(ionization chambers).
* Beam Intensity Measurement System
(DC current transformers and beam toroids)
 Beam Transverse Profile Measurement System

(traditional wire scanner or photo-disassociation of H by
laser radiation)

* Beam Transverse Emittance Measurements
(Allison-Type Emittance Scanners or Laser-Based Emittance
Scanners)

J€ :
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Beam Diagnostics

500 line Instant Electric Field induced by the 4 mm bunch (B =1)

BPM signals produced by the 4 mm rms bunch BPM signals spectral densities for various bunch lengths

- Pomiis-leedrougioneiing tefrished BPMs are mounted to the focusing elements:

= Next step = fit the electrodes and electron beam weld them into
position.

BPMs for HWR cryomodule, prototype
(top) and production (bottom) units

BPMs for SSR1 cryomodule

P.Ostroumov, PIP-Il MAC meeting, 03/10/15
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Summary

O RF design of the cavity is based on

* the accelerator operation regime — pulsed or CW,;

* the beam power and energy;

* the beam quality requirements.

O RF cavity parameter optimization includes:

« frequency,

« RT versus SRF

* operating temperature choice for SRF,

« optimal gradient,

e cavity shape optimization,

* number of cells,

« cell-to-cell coupling,

« HOM extraction,

* RF power coupling

U RF linac is self-consistent system and its subsystem are interconnected;
therefore, the RF cavity design is an iterative process.

O RF cavity design includes:

* RF parameter optimization;

 MP analysis

* Mechanical optimization.

J€ :
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Summary

d

a

99

The SRF cavity component design includes:

the input power design;

the cavity tuner design;

The He vessel design.

The SRF cavity manufacturing process contains a lot of operations and requires high

technological culture:

material quality control;

cell manufacturing and pre-tune;

final assembly;

surface processing;

welding into the He vessel;

component assembly;

cavitystring assembly;

cryo-moduel assembly;

alignment

The cryo-module:

Contains the insulating vacuum.

Serves as the major structural element to which all other systems are attached to the
accelerator tunnel floor.

Serves as a pressure containment vessel in the event of a failure in an internal cryogen

line.

JE :
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Bead pull measurements of PIP-Il RFQ

PXIE RFQ Design Features

e All OFHC copper body machined from solid billets

e 4-vane cavity structure with fly cut modulated vane tips
e Four ~1.12 m long cavity modules with bolted joints
e 162.5 MHz frequency
e Total length:4.46 m

e Pi-mode rods for
mode stabilization

e Distributed fixed
slug tuners

~~~~~~

5 | '
CAD model of assembled 4-module PXIE RFQ design concept

Accelerating H- from 300 keV to 2.1 MeV
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Bead pull measurements of PIP-Il RFQ

Module #2 was manufactured before other modules

Tuner at one end of the RFQ. 50 mm
protrusion, frequency shift is 45 kHz.
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Bead pull measurements of PIP-Il RFQ

Parameters
Frequency, MHz 162.499
Frequency of dipole mode. MHz 181.99
Q factor 14985
Q factor drop due to everything. % -14.7
Power loss per cut-back, W (In‘Out)  336/389
Total power loss, kKW 738

L max, mm 172.73

Part Total, KWz | Per unit, W | %
Walls 29.5 - 40
Vanes 3l 7764 42
Input cut-backs 1.34 336 1.8
Output cut-backs 1.56 389 2.1
Pi-mode rods 5.53 173 1.5
Tuners 4.79 59.9 6.5
& Fermilab
7/16/2024
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Bead pull measurements of PIP-Il RFQ

Sweeping vane tip profile along modulation curve.
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Bead pull measurements of PIP-Il RFQ
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Bead pull measurements of PIP-Il RFQ

Bead pull diagram
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Bead pull measurements of PIP-Il RFQ

df (x+dx, y+dy) =c- f(x,y)+a(x,y)-dx+ B(x,y) -dy

x=y=a(xy)=p(xy)

DETEE 0 ¢ 1)
D WWNRR =D

a(-xy)=-a(x y)a(x-y)=—-alxy) ©

B(=xy)=-B(xy)Bx~y)=-p(xy)

df (x+dx,y+dy)+df (—x+dx,y+dy)+
df (x+dx,—y +dy) + df (—x + dx,—y + dy) = 4c- f(x, y)
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Bead pull measurements of PIP-Il RFQ

Bead-pull setup on RFQ Module #2
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Bead pull measurements of PIP-Il RFQ
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Program allow to position bead in any location near cavity center and measure field flatness.

Multiple passes and post processing are included. .
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Bead pull measurements of PIP-Il RFQ

109

Quadrant measurements:
single quadrants 1 to 4 and
average filed amplitude
along RFQ length @ 30
mm radial offset.

First bead pull
measurement before
tuning, FF approximately
80% for avg.
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Bead pull measurements of PIP-Il RFQ
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 After final FF tuning: Freq= 162.443 MHz FF=98%
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Homework

HB cavity for the PIP Il project has the following parameters:

* Frequency: 650 MHz;
 R/Q: 630 Ohm;
e G: 255 Ohm;
e Voltage: 20 MV,

e Surface resistance: 8.5 nOHmM

Estimate:
* Wall loss;
e Stored energy.

J€ :
3¢ Fermilab
111 T. Khabiboulline | SRF cavity design, RF measurements and tuning 7116/2024



Homework

Stainless Steel (SS) 70K

300K EEEEE—————— 4K

Coupper (Cu)

300K K
70K

Coaxial power coupler

1.

112

Given:
1. External conductor with outer diameter D1, SS wall thickness d1, Cu coating thickness d2
Length L, internal conductor diameter D2
RF power P in TW regime.
One end temperature 300K other end 4K. 70K heat sink in the middle
Thermal conductivity p1 for SS and p2 for copper not depend on temperature.
Electrical surface resistance SS Rs1 for and Cu Rs2
Thermal radiation is negligible. Attenuation of RF power is negligible
Efficiency of 70 K cooler is 5%, efficiency of 4K cooler is 0.5%

N RAEWN

Asls.umthLc::;al radiation is negligible. Vacuum. P = —Q = p{;fsv-r . dS = p . A-% . S

2.  Attenuation of RF power is negligible. t at

Questions:
1.  What heat power flow at 70K and 4K intercepts at P=0 W?
2.  Whatis power consumption at cryoplant at P=0 W?

aF Fermilab
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