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Circular accelerators need dipole magnets to correct orbit distortions

PETRA IV: ultra-low emittance synchrotron radiation source

=» AC correctors with frequencies in kHz-range necessary

Strong eddy currents =» power losses, time delay, and field distortion

Simulation challenging due to small skin depths and laminated yoke

= Need for technique to simplify simulations

Based on K. Wille, Physik der Teilchenbeschleuniger und Synchrotronstrahlungsquellen
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Homogenization Technique

« Magnetoquasistatic PDE: VV x (vV X E) +jw0§ = fs

« Adapt reluctivity v and conductivity ¢ in the laminated yoke

;o2 déw(1 + j) sinh((1 +/)8~7d) (1) (1) 8 + 8 8 8
V>V == 0pdéw v
=g e / sinh?2((1 +j)6-1d/2) 0 0 0 Fe 0 0 1
ular et al., 1% € o e
1 0 O % Er;mentbulm i(t)gus 2004 fes T8
0 — 0 = YOpe [0 1 0
0O 0 O

Skin depth § = /2/w0pelre

Stacking factor y = VFe
Yoke
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* Iron yoke: length = 40 mm, lamination thickness = 1.83 mm
 Copper beam pipe: thickness = 0.5 mm, length = 140 mm
» Coils: current = 10 A (peak), # turns = 250

 Frequency domain simulation via CST Studio Suite®
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Eddy Current Losses in the Yoke Eddy Current Losses in the Beam Pipe
1,500 |- .
- 10H: 1,000 | m !
—a— f=100Hz —a— f=100Hz
—=— f =500Hz 800 —=— f=500Hz H
g 1,000 | —e— [ = 1000Hz H g —e— f = 1000 Hz
= ~ 600F G——e—a——s8—8 8—88—a8 -
= =
T s00f - m 400 1
200 —
A aa o o LR ol Ll a— s
0f - 0f 1
w000 w0 o
# Tetrahedra # Tetrahedra
# Tetrahedra | 4.2-10* | 4.0 -10° | 1.2-10° | 3.4-10° | 7.7-10°
Simulation time | 2 min 20 min 1h 7.5h 21.5h
« Strong mesh dependence of power losses at higher frequencies
=>» Obtaining reliable results is difficult
= Need for simplified model
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Eddy Current Losses in the Yoke Eddy Current Losses in the Beam Pipe
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« Good approximation of losses in yoke & beam pipe (max. relative error 4 %)

 Simulation time reduced from several hours to 4 min
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Coefficient (T)

Normal Dipole Coefficients

Normal Quadrupole Coefficients

Normal Sextupole Coefficients
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« Homogenization technique yields
accurate multipole coefficients
=>» Aperture field accurately represented
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Model Description

» Dipole corrector with octupole-like design
« Colls:
* 4 main coils: current = 27.4 A (peak), # turns = 53
* 4 auxiliary coils: current = 27.4 A (peak), # turns = 22
Iron yoke:
« Diameter = 580 mm, length = 90 mm
» Lamination thickness = 0.5 mm
At first no beam pipe

580 mm

auxiliary coil main coll

580 mm

Design by A. Aloev (DESY),
inspired by APS
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Simulation of the Full Model

®

 Frequency domain simulation via CST Studio Suite
« Three symmetry planes, test frequencies f = 10 Hz, 100 Hz, 500 Hz, 1000 Hz
« Long simulation times even for relatively coarse meshes

« Finest mesh: # tetrahedra = 2.3 - 10° = simulation time = 26 h

« Skin depth cannot be resolved = power loss still mesh-dependent

IR<p
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Eddy Current Losses in the Yoke
104 ? 22 12| TT
i Multipole Average
108 o= coefficient | rel. deviation
g Dipole 1%
= 10 E el
: o 14-pole 1%
s
10" | - 18-pole 3 %
i Full model
100F o - ®- Homogenized model |
10! 10? 103
Frequency (Hz) 4

Similar power losses

Good agreement in multipole coefficients

Simulation time reduces from 26 hto 5 min

Keep in mind: )
Power losses in full
model are still mesh-
\_ dependent ! )

=» Homogenized model can be used for further studies
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6 Eddy Current Losses in the Yoke f(H ) Eddy current losses (W)
10 El””l T T T TTrrmng T 1T T T TTTTg =E' Z
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T 1 1f 10t 1o |es000[ 3.5-10° 3.6-10° 3.6-10° 3.5-10°
Frequency (Hz)
« Use homogenization to investigate losses up to 65 kHz Simulation uses the same

« Varyd = 0.2 —0.5mm, keep y = 0.91 constant current for all frequencies !

« At low frequencies, the lamination thickness has strong influence on the losses

« At very high frequencies, the lamination thickness has no influence on the losses
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« Compute multipole coefficients along longitudinal axis of the magnet

« Comparison with DESY for static case = good agreement
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Dipole Coefficients 14-pole Coefficients
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f (H2) '”(tr'n‘%":r?)'e '“tk:T“;E)‘"e '“tt:f;g;"e « Updated # turns & current:
. o Tea 03 =» Main coils: 65 turns, 15 A
: : o => Aux. coils: 27 turns, 15 A
500 11.2 310.9 —29.7
1000 10.7 300.4 —28.6 e 65kHzvs. 1Hz:
10000 7.6 229.0 —21.5 = |Nt. dipoles; —57 %
30000 6.1 184.4 ~17.2 =>Int. 14-poles: =52 %
65000 5.0 150.3 ~13.9 =>Int. 18-poles: —54 %
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Realistic Model With Beam Pipe

1.5 mm 316LN Stainless Steel

1 pym Gold
20 pym Copper
{[@
%
X

« Round beam pipe consisting of austenitic stainless steel layer, a thin
copper layer, and an even thinner gold layer in between

« Longitudinal extent of beam pipe: z = —500 mm ... 500 mm
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Dipole Coefficients

14-pole Coefficients
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1 115 313.3 306 ‘é"grl‘(?{m bealmelpe
* Z VS. Z.
500 11.1 306.7 —29.7 .
1000 e 977 o =>Int. dipoles: —97 % (—57 %)
: ' ket =>Int. 14-poles: —82 % (—52 %)
10000 3.6 122.6 83 = Int. 18-poles change sign (—54 %)
30000 1.1 73.3 1.1 /‘
Without
65000 0.4 57.4 4.3 beam pipe
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Dipole Coefficients at f = 1Hz

Dipole Coefficients at f = 1kHz

Dipole Coefficients at f = 10kHz

ﬂ Model without beam pipe sl \ Model Witbout beam 'pipe i Model without beam pipe
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g
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; « At higher frequencies, beam pipe leads to greater
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Model With Beam Pipe vs. Without Beam Pipe

Integrated Transfer Function Field Lag w.r.t. Current
e g g e rrrrnm rrrring | IR | e e rrrrmm
I 125 | Model without beam pipe -
—8— Model with beam pipe
i 100 M
g
- 0.6 | - ‘cbé 75 i
E —
0.4} 1l < 50 M
2
&
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obl— -3dB Il 0 1
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10° 101 102 103 10% 105 10° 10! 102 103 104 105
Frequency (Hz) Frequency (Hz)
Model without | Model with
TF(F) J, Bi(z,f)dz beam pipe | beam pipe
- 3 dB bandwidth
fl Bl(Z,f — 1HZ) dZ 7 kHZ 3 kHZ
Max. field lag 22° 132°
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Conclusion/Outlook

« Validation of homogenization technique using toy model
=>» Good approximation of multipoles and power losses
=>» Simulation time reduced from several hours to a few minutes
* Application to realistic model without beam pipe (DC up to 65 kHz)
» Study of power losses for different lamination thicknesses
« Study of longitudinal multipole distributions
« Application to realistic model with beam pipe (DC up to 65 kHz)
» Study of longitudinal multipole distributions
« Comparison to model without beam pipe

* Next steps: Continue study of realistic model with beam pipe, investigate
model with thinner beam pipe and different yoke materials
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