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Eddy Currents

 Rapid changes in the magnetic field of the RCS will
generate eddy currents in the metallic vacuum chamber.

« The power dissipation in a thin sheet or wire scales as the

ramp rate squared. P X BQ

* First order estimation of the dissipated power using
analytical formulas.

* Choice of materials for vacuum chamber is important for
the impedance study.

RCS: 1 2 3 4
Ramp 4199 3282 1519 565
rate [T/s]

(Tentative Parameter list for the IMCC)
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https://indico.cern.ch/event/1313021/contributions/5623393/attachments/2744752/4775555/IMCC_parameters_EU.pdf
https://indico.cern.ch/event/1313021/contributions/5623393/attachments/2744752/4775555/IMCC_parameters_EU.pdf
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* Peaqgy/L is the Eddy current power
loss per unit length.

« B is assumed to be uniform. Peddy/L — 4B2a260(% —|— b)

(Lachaize, 2007)

B

B is the magnetic field

a is the chamber half-width
b is the chamber half-height
o is the chamber’s electrical conductivity

e is the chamber thickness
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https://beta-beam.web.cern.ch/task/docs/rcseddycurrents.pdf

Stainless Steel Rectangular Vacuum Chamber
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1e6 Power Dissipation in Stainless Steel Rectangular Vacuum Chamber
Stainless steel 316LN: | | |
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*(Tentative Parameter list for the IMCC) Ramp Rate [T/s]

**(Lachaize, 2007) ﬂ_"_______—:—"
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https://indico.cern.ch/event/1313021/contributions/5623393/attachments/2744752/4775555/IMCC_parameters_EU.pdf
https://beta-beam.web.cern.ch/task/docs/rcseddycurrents.pdf

Energy loss

International
UON Collider

/ Collaboration
We can estimate the energy loss during the

ramp up of the magnet, assuming constant
ramp rate.

E eddy
Q — 7 ‘ tmmp

« Qs the energy loss of the chamber (F. Boattini, M. Gast)

*  Peagy/L is the power loss per unit length from last slide

*  tramp is the ramp time Temperature increase for single ramp up
RCS: 1 2 3 4 NCEE L 2 & K
Ramp Energy

: 0.343 1.097 2.37 6.37 loss 766 1497 693 257
time[ms] [J/ramp/m]

(Tentative Parameter list for the IMCC) M—___,:—"
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https://indico.cern.ch/event/1313021/contributions/5623393/attachments/2744752/4775555/IMCC_parameters_EU.pdf
https://indico.cern.ch/event/1309172/contributions/5506773/attachments/2718115/4721666/Impact_of_ramp_shape_on_magnets_and_power_converters.pdf

Elliptical Vacuum Chamber
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B

V!

sin(6) \/ 1 —(1— b—2) sin?(6)df

a2
(Xu & Wang, 2012)

Peddy/L = 4BQO'CZCL3/
0

B is the magnetic field

a is the chamber half-width
b is the chamber half-height
o is the chamber’s electrical conductivity

 d is the chamber thickness
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https://iopscience.iop.org/article/10.1088/1674-1137/36/2/011/pdf

Stainless Steel Vacuum Chamber
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Reduction of Eddy current loss
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 Eddy currents can be reduced by

dividing the vacuum chamber into
thin parallel stripes.

 Electrons cannot cross between
stripes, which will force the
currents to circulate in smaller
arcs, reducing the eddy current
loss.

2023-12-12 Eddy current effects in the RCS vacuum chamber
E T T e



Longitudinal striped design
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).
Nu/2 Peqay/ L = ngde (Ngw?+ Ny d)

(The proton driver design study, 2000)

N2 B is the magnetic field

* w is the stripe half-width
* d is the stripe thickness

* Nu is the number of horizontal stipes
(top + bottom)

* Ny is the number of vertical stipes (left
N./2 + right)

e g is the chamber’s electrical
N2 conductivity

2023-12-12 Eddy current effects in the RCS vacuum chamber W
E T T e



https://inspirehep.net/files/7c7b045c98da2b90dd563ebd09938fb4

@ Vacuum problems

International
mﬂéﬁﬁﬁi'ﬁ’fé Dipole magnet . . . On_ly th_e necessary qmgunt of metal for
P shielding is placed inside the magnet.

Vacuum skin Insulating substrate

 “Vacuum skin” (green) moved outside
of magnet .

« Ceramic with longitudinal conducting
stripes could be an alternative.

(The proton driver design study, 2000)
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https://inspirehep.net/files/7c7b045c98da2b90dd563ebd09938fb4

@ Example from J-PARC
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Every stripes are jumped

Capacitance : 330 nF . b
7 ! over the joint area.

& 4

TiN coating
Thickness : 15 nm (Michikazu Kinsho, 2005)
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https://indico.fnal.gov/event/16269/contributions/36516/attachments/22688/28130/J-PARC-RCS-Vacuum-Chambers.pdf

Longitudinal striped design
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+* x  Power Dissipation Stripes Sa me pa ra meterS aS fOF the
% Rectangular : .
%% H S N | R N T R B S Stripe width: 7.0 mm rectangular design:
ffffff Stripe width: 5.0 mm
ffffff Stripe width: 3.0 mm H "
777777 bt 2.0-mm Stainless steel 316LN:
£ w0 Resistivity: 7.5 x 107 Qm
2 Height and width: 30X100mm
S 10 Thickness: 0.3mm
og) X N i
. R Reduction of 3 orders of
maghnitude.
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Number of Stripes
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Power Dissipation in Striped Vacuum Chamber for RCS51




The rcsparameters package (link)
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Bref profile (Fulvio et Al)

Ring geometry/Optics (Antoine et Al
7 do we need it ~, g-g o you ¢ )

if self.chamber geometry = 'rectang 2
4 * self.ramping_rate**2 * (self.chamber width/2)**2 * self.chamber thick * self.electrical tivity * (self.chamber width/6 + self.chamber height/2)

it i .sin(theta)**2)
= guad{integrand, @, np.pi/ g self.chamber width/2, self.chamber height/2))
4 = self.electrical conductivity * (self.chamber width; *3 * self.chamber thickness * self.ramping rate**2 * resul
f self.chamber geom

self.r tet {self.stripe width / 2) * self.chamber thickness * tri conductivity * {self.horizental stripes * (self.st 1f.vertical stripes * self.chamber thickness**2) [

self.chamber geometry
TS S o g oGy — i — Tt e G e e T

chamber width = eddy current input parameters['Chambe

chamber geometry == 'longitudinal stripes

horizontal stripes = eddy current input parameters|['Hori
vertical stripes = eddy current input parameters['Verti
stripe width = eddy current input parameters['St

ror(f"Invalid geometry: '{self. chamber geometry}'. Chamber n to be either 'rectangular

2023-12-12 i} Eddy current effects in the RCS vacuum chamber


https://gitlab.cern.ch/muon-collider-bd/rcsparameters

Conclusion

A vacuum chamber with large metallic surfaces will result in
too large Eddy current losses.

By using a longitudinally striped design we can get a reduction
in power loss of 3 orders of magnitude.

 Future:

- Make the RCS parameter class able to calculate power and
energy loss from B profile.
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Backup
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Overview of the magnet (dipole) model: Losses calculation

Switched resonance circuit

Full resonance circuit
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Energy lost Avg Magnetic Energy lost Avg Magnetic

[J/cycle/m] Energy [J/m] [J/cycle/m] Energy [J/m]
Iron Joke 58.2 90.2 26.4 12.3
Iron poles 337 137 5 16.5 23.0
Total Iron 914 2127 42.9 35.3
Air Gap 0 2003.9 0 1645.3
Stray field 0 1148.8 42.9 964.6
Coill 13.3 0 36.9 0
Coil 2 40.2 0 78.3 0
Coil 3 36.0 0 68.9 0
Coil 4 59.7 0 95.4 0
Total Cu 149.1 0 3224 0
Total 240.5 3365.4 365.3 2645.2

Eddy current effects in the RCS vacuum chamber

(F. Boattini, M. Gast)
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https://indico.cern.ch/event/1309172/contributions/5506773/attachments/2718115/4721666/Impact_of_ramp_shape_on_magnets_and_power_converters.pdf
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