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Multiphysical Shape Optimization of a QPR under Uncertainties

2024

AP | Aufgabe

31| Modelng o the eleciromagnetc-iress-hea coupled problen o the QPR under
uncertainties

3> [ 35 | Avelysi ofhe exiting QPR designto understand he detuning mechanism and

microphonics

3.3 | Stochastic MO (parametric) design optimization of the QPR under coupling

Topology optimization of the pole shoes for a homogeneous penetration of the

34
sample
Nr. Zieldatum Beschreibung der Meilensteine von AP 3
(QuartallJahr)
1 1/2022 Modeling of the electromagnetic-stress-heat coupled problem of the QPR under uncertainties
g 2 IV /2022 Analysis of the existing QPR design to the detuning ism and microphoni
3 1/ 2023 Stochastic MO (parametric) design optimization of the QPR under coupling
4 1172024 Topology optimization of the pole shoes for homogeneous penetration of the sample

1 interim report: IV, 22

214 interim report: IV. 23
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Electro-Stress-Thermal (E-S-T) Shape Optimization

A fast model with sufficiently good accuracy

— CST Studio Suite®: unidirectional stochastic coupled (E-S-T) problem in steady state

— Static Lorentz force: scaled by a factor to mimic dynamic Lorenz force based on simulation
in time domain in COMSOL®

— Trade-off between computational time & accuracy due to the Pareto-front framework

— Due to the multi-objective steepest descent method: shape derivative of mean & variance
for all the merit functions incl. max. temperature

DC Heater
Mhermomety charsber
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Reliable & predictable simulations of QPRs

Uncertainty Quantification (UQ) studies of QPR:
— Material and geometric imperfections

— QPR model in steady state incl. broken symmetry of rods
— Local and global sensitivity without any additional effort

Exact methods to compute shape derivative not implemented in CST Studio®:
— Slater formula for only shift of frequency

— Lack of discrete/continuum design sensitivity analysis (DSA)

— Lack of inhomogeneous boundary conditions in Maxwell’s eigenvalue problem formulation
or access to mass and stiffness matrices

UNIVERSITAT ROSTOCK |
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Stochastic modeling of coupled problem
Parametrized QPR model
Unidirectional Stochastic Coupled Problem
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Parametrized model of QPRs
A three-dimensional model (3D)

- ™\
Ports rrods
(vacuum/ < Name (mm) CERN  HZB SolA SolA stdDev
antenna) N
€ psigap) 070 05 058 056 005
3
H pfrrods) 1500 130 9.76 9.14 0.05
Nb walls %é ps(hicop) 1000 100 9.72 9.64 0.05
N prioop) 8.00 50 592 556 0.05
il
Nb rods —_ psfwioop) 4093 440 4379 4379 005
| wioop Pefciaop) 5.00 60 40 40 0.05
| pifrec) 2300 2240 2500 25.00 0.05
Sample Y
] ! parsample) 3750 375 35.00 35.00 0.05
Calorimetry __ { pafaBentRight) 0 0 0 0 0.25
chamber |
ProfaBentLeft) 0 0 0 0 025

Layout of QPR [PZWHR19]
2 [Ppci(p) — Ppcz(p)]
fQS [IH(p)I|2 dx

where p : geometrical parameters, Phc1 & Ppcz : heater power at equilibrium for T;,,¢ and

Rs(p) = M

reduced heater power Ppc2 after switching on RF antenna, H : magnetic field

UNIVERSITAT ROSTOCK | FA(
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Target values for functioning QPR

Basic functions of merit m=1,...,3;k=1,...,6;p = (p1, ...

Operating frequencies [GHz] :
y1,1(p) = 0.429 [GHZ],
Focusing factor [A2/J] :

y1,2(P) = 0.866 [GHz], y1,3

.1 2 .
m(Hip) = — H s m(H;p) =
renfip) = 55 [P yanip) =

Operating range [1/1] :
m H

(1D’

max
xeQR

ys.m(H; p) = ¥6.m(H; p) =

m
xE

Dimensionless factor (to study meas. bias) [1/1] :

S IIHIP? dx

ya,m(H;ip) = )
" Jo, IHIZ dx
where E: electric field,

Qg: surface of sample, Qg:domain of rods,

— Homogeneity factor [1/1] :
Ja
| max (IHI)
— Risk of field emission [mT/(MV /m)] :
o max (1)

(e -

, PQ)
(p) = 1.3[GHz],

[IH]? dx
S

ax
QR

Qp: domain of flange
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Unidirectional Stochastic E-S-T coupled problem
A full three-dimensional model (3D):

V X V x E(0) — w?() u(6) (A)E() = 0, in D, (2a)
v. (n(o)(vU(e) +vu(®) ") + MOV - u(e)) =0, in Dy, (2b)
=i0(0)
V- k(8) VT(8) +v(0)|[E(0)] = 0, in Dy (2c)
with radiation pressure t(0) defined as: (2d)
o(0) -ny = i (E\E(e)\z + éw X E(9)\2> Ny, on ODey (2d)
=:(0)
ford = (x,f,p) € D x F x M, 8D =08DpUdDN, p=(p1,...,pe) € NCRC,

with D € R®: computational domain, 7 € R: frequency range, MN: parameter domain,
~: electric conductivity, wn: magnetic permeability, e: electric permittivity, w: angular frequency
n, A\: Lamé coefficients, o: stress tensor, «:thermal conductivity, u: displacement, T:temp.,

Discretization :  finite element method (tetrahedral mesh, piecewise linear functions (hp))

2 UNIVERSITAT ROSTOCK | FACULTY OF COMPUTER SCIEN
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UQ-based worst-case analysis for multi-physics QPR simulations
Influence of shape variations by Taylor expansion
UQ-based worst-case method
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Influence of shape variations by Taylor expansion
Truncated polynomial chaos (PC) response surface model

p(&) = (p1(&),---,Pa(§)),p: Q2 =1,

Stochastic variables (2, X, p1):
Gaussian, uniform, beta, etc.

independent,

PC expansion: a finite second moment of yy, [fo, . . ., fond]:

P
ya(x, £ip) =D i (x, F)®i(p), n=1,...,N

i=0
Shape derivative approximation (assuming a joint PDF p exists):
]E[ayn} = Z (a,- 8¢i(p)pdp> , n=1,...,N
Opg - Opg
First-order Taylor expansion:

. OYn
Yn(6P +P) = ya(P) + > 8/4 -6pg + O(1p[?),
q q

with worst-case scenario: §p = max |u(x)|
x€Dg

UNIVERSITAT ROSTOCK | FACULTY OF COMPUTER
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Variance-based sensitivity analysis
Main Sobolindices : 0 < S; < 1 with lower and upper bounds

Si= —J— with V-:——E 2, ji=1...,Q
J Var(f) 1 J = ‘VI‘ ) J ) ’ ) (6)
<l

lj :sets [; := {j € N : ¢;(p) is not constant in p;}, Var(f): the total variance

N
N

‘-Pl =p, Cp; Ep, Ep; Epg Ep7 Eps WPy Elpm‘

-

o
©

I
~

o
N

normalized variance-based coefficients
o
o o
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UQ-based worst-case algorithm
Flow of algorithm in the pseudo-code Algorithm for UQ

Algorithm 1 UQ-based worst-case deformation analysis
. Initialization :

DAKOTA engine

Non-intrusive methods

2 M= (p1,....pg). p(p). PCtype, PCorder. w,p*, datoral & goometical
3: . (3), PCE param. & gener. weights & poini i)
4: fork=1...,K do > Quadrature points loo
5 solve MVP(p(*)), Eq
7: solve HVP(p(®)), Eq > for 7" in deformed 1 H
8 fori={1,...,N} do © discrete projection loo a
9: @; < (yn(p), Pi(p)) ©> scalar produc H =
10: for g = {1,...,Q} do > worst-case shape deformatio é CST Studio
1 Gn 4 Jn + %% - max[|ug]] &> upper boun g (okermode sclvor)
q
12: Post-processing : _
13: fori={1,...,N} do 1> discrete projection loop for y
14: a; + (Un(p), Di(p)) > scalar product for updated g
15: eval E [y (p)]. Var [gn (p)] 1> statistical momen!
16: forg=1...,Q do

=

eval. E [%] . Sq > local & global sensitivit Eostprocesin (ealEI e
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Preliminary results & Conclusions
Proof-of-concept example
Results for PDFs of merit-function due to QPR deformation
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Parameters of stochastic simulation
Variations of geometrical parameters:

— Modeled by Gaussian distribution, Q@ = 8

Random variations of parameters:

—> gap: p1 = p;(1+01&), wloop:  ps = Pp5(1 + d5¢5)
— rrods: p2 = py(1 + 62€2), dloop:  ps = Pg(1 + d6&s)
— hloop: p3 = p3(1 + d363),

reoil:  pr = P, (1 + 072€7)
rsample: ps = Pg(1 + Jesés)
® Independent normal random variables: &1, &2, €3, €4, €55 &6, €7, 8

— rloop: ps = Py(1 + 04&4),

® Magnitude of perturbations : ¢; := §; - p; =0.05[mm], i=1...,Q

¢ HZB-QPR:p = (0.5, 13.0, 10.0, 5.0, 44.0, 6.0, 22.40, 37.50)[mm]

UNIVERSITAT ROSTOCK | FACULTY OF COMPUTE



Universitat (0 Ut Q)
RO StO C k Traditio et Innovatio i.h‘ D,

Lorenz force, air pressure & resulting displacement
Assuming: 1bar pressure, ¢ = 10, and k = 3
— P32 = (0.527, 13.06, 9.93, 4.97, 44.065, 5.973, 22.38, 37.56)[mm]

— Worst-case scenario: for ¢ = 10, max[|(uap + ¢ - urp)/2|] = 0.1054505 [mm]

2022 UNIVERSITAT ROSTOCK |
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Statistical moments & variance-based decomposition
Means of merit-function:

Name E[fo (p)] E[fy (p)] E[f2(p)] Eff3(p)]  Elf4(p)] E[f5(p)]
Unit [GHZ] [MA2 /J] [1/1] [M1/1] [1/1] [mT/(V/m)]
Perturbed design 1.320 46.99 0.1293 0.720 0.9124 5.027
Change: A fp(p) 0.008139 -5.429 0.001946 -0.04691 -0.0214 0.11
Change: 6fn(p)(%) 0.62 1 10.0 | 1.53 1+ 6.11 | 229 | 2.56 1
1.2 T T T T T T
i@ p, (Moop) (] p, (roop) [ P, (Woop) ] P (doop) Il P, (o) Il Py (sample)]

1+

0.8-

0.6

0.4r

variance-based sensitivity coefficients

1.3 fos ) fos X f43 fsa
functions of merit for third operational mode
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Results for PDFs of merit-function changes:
Estimated change of operating frequency & focusing factor

1000 x10°
[=—approximated change of fo(p) due to QPR shape deformation 1.4 "approximated change of f;(p) due to QPR shape deformation]
00l 12f 1
1k 1
600
'8 w 0.8r 1
[a) [a)
[ o
400+ 06 1
041 1
200
0.2f 1
0 ! 1 | | 0 | | | )
5 6 7 8 9 10 -7 6.5 6 55 5 -4.5 -4 35

Lfo(p) ~ fust(P) — fi(p)[GHz (frequency) <107 Afi(p) ~ fost(p) — fo(p)[A?/J] (focusing factor) x10°
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Results for PDFs of merit-function changes:
Estimated change of homogeneity & dimensionless factors

4000 x10*
~e—approximated change of fo(p) due to QPR shape deformation ‘+approximated change of f3(p) due to QPR shape deformation|
S 15F 1
3000
1k 1
LDL 2000 LOL
a a
0.5 1
1000 -
0 oo . . L Sea, 0 . . h "
14 16 18 2 2.2 2.4 -6 -55 -5 -4.5 -4 -35 -3

A2(p) ~ frs(p) = fo(P)[L/1](homogeneity factork 103 Af3(p) ~ frs(p) — fu(p)[L/1)(dimensionless factor) 104
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Results for PDFs of merit-function changes:
Estimated change of operating range & risk of field emission

T T T T T T 70 T T T T T
350 f-=—approximated change of f;(p) due to QPR shape deformation} ‘«approximated change of f5(p) due to QPR shape deformation|
60 b
300
2501 sor |
40 Bl
w F L
E 200 E
150 301 7
100 20 1
50 10 Bl
0 " . . . ;i W 0 . . .
-0.028 -0.026 -0.024 -0.022 -0.02 -0.018 -0.016 -0.01 0.08 0.09 0.1 0.11 0.12 0.13 0.14

AFi(P) = fast(p) — fo()[1/1] (operating range) Af5(p) ~ fust(p) — fo(p)mT/(MV /m))(risk of field emission)
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Conclusions and further research

Advantages:
— Reliable simulation for QPRs considering deformation

— Efficient approximation of shape derivatives
— With upper bounds as 6p := max |u(x)|
due to scaled Lorentz force and ‘pressure of 1bar
— Algorithmic complexity: 2 - Q, Q - no. of paramters
— Good for multi-physics & -objective optimization
Disadvantages:

— Only the worst-case scenario (upper bounds)
— Well approximation of shape derivatives (verified)
— Results of frequency shift can be verified

Further research directions :

— Robust, multi-physics and multi-objective optimization

022  UNIVERSITAT ROSTOCK | FACULTY OF COMPUTER SCIENCE AND ELECTRI
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Thank you for your attention
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