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Eddy Currents & Motivation

« Rapid changes in the magnetic field strength of the RCS NC magnet will
induce significant Eddy currents within a metallic vacuum chamber.

» The dissipated power due to these currents scales with the ramp rate

squared. . 2
* The objective of this work is to get a first order estimation of the loss P X B
using analytical formulas.

« The losses puts restrictions on chamber material and geometry which
is important for the beam coupling impedance study.

RCS: ’ 2 3 4
Ramp 4199 3282 1519 565
rate [T/s]

(Tentative Parameter list for the IMCC)
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https://cernbox.cern.ch/s/NraNbczzBSXctQ9
https://indico.cern.ch/event/1313021/contributions/5623393/attachments/2744752/4775555/IMCC_parameters_EU.pdf

The simplest case: Thin plate
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The formula for the ohmic loss per unit length in a .
rectangular thin plate due to Eddy currents can be derived y

L 12

analytically: X
P d(lgO' B2 \

The following conditions must be fulfilled:

P/L: Ohmic loss per unit length - B field vertical to the plate, with constant ramp rate.
d: Plate thickness _ ) )

a: Plate width - Plate magnetically thin: a << penetration depth 6.
o: Electrical conductivity - Plate geometrically thin: d << a

B: Magnetic field
- Plate long enough to neglect the ends: a,d << L

- Steady-state conditions.

(Q. VIOTIZ)
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https://cds.cern.ch/record/1335027/files/103.pdf
https://cds.cern.ch/record/1335027/files/103.pdf

Rectangular Vacuum Chamber
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The ohmic loss per unit length due to Eddy B a dO’ a

currents in a rectangular vacuum chamber is: P / L — ( I b)
2 3

#
B (A. Lachaize)

P/L: Ohmic loss per unit length
d: Wall thickness

a: Chamber width

b: Chamber height

d o: Electrical conductivity

B: Magnetic field
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https://beta-beam.web.cern.ch/task/docs/rcseddycurrents.pdf

Stainless Steel Rectangular Vacuum Chamber
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2.00 i ! i .
Stainless steel vacuum chamber: | LBder06 Wi
1.75 : | iRCSl
« Conductivity: 1.1 x 10°S/m '
1.50

* Height and width: 30X100mm"*

=
N
w

e Thickness: 0.3mm

Ohmic loss [W/m]
3

0.75
30 mm 0.50
100 mm 0.3 mm 0.25 .
. chss
3.34e+04 W/nj '
0.00 ERC54 | —— Power Dissipation } :
Power lOSS in the MWIm range 500 1000 1500 2000 2500 3000 3500 4000

Ramp 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
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« Uncertainties arise regarding the analytical

formula's applicability due to the rapid
ramp rates of the RCS.

« Ansys Maxwell2D was used to validate the
analytical formula by comparing with
electromagnetic simulations for conditions
similar to the ones of the RCS.

* In these simulations a uniform magnetic
field is created between two large
conducting plates, excited by an alternating
current with frequency f. The field strength
at any point is approximately given by:
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B [tesla]

Max: 1.898

200
. 1-96
192

1.88
1.84
1.80
1.76
1.72

168
. 1 -M
160

Min: 1.732

Electromagnetic Simulation
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\nsys

MAXWELL

Ohmic-Loss

[W/m*3]

Max: 4.299E+10

4 30E+10
3.87E+10
3.44E+10
3.01E+10
2.58E+10
2.15E+10
1.72E+10
1.20E+10
8 GOE+09
4.30E+09
0.00E+00

Min: 5.698E-05
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The Ansys Eddy current solver computes the time
averaged ohmic loss. In order to compare simulated

results with our analytical formula we need to
calculate the time average.

Electromagnetic Simulation

Simplified RCS2 NC magnet ramp shape

—— Reference magnet ramp

15— Linear ramp

a5

0.0

B [tesla]

-1.0

=5

Thin plate:

(P) da’om?

Rectangular beam pipe:

()

L
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=2.0
0.0 0.5

(Bof)?

1.0

amp time = 1.1 ms

15 2.0 2.5 3.0
Time [ms]

d: Thickness
a: Width

o: Electrical conductivity
Bo: Magnetic field amplitude

— 8a2d0(% 1+ b)(Bof)?

b: Height (Rectangular beam pipe only)

f: B field’s frequency of oscillation




Stainless Steel thin plate
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Eddy current ohmic loss in stainless steel plate

. 7 | -1.0000
Stainless steel plate: T
« Conductivity: 1.1 x 106 S/m °
-0.9995
* Width: 100mm 'E5
) =
* Thickness: 0.3mm 24 : K
0 — Analytical — Ratio 0.9990Z 2
3 ..... FEM L Tcg
Q3 B
=
=
0.3 mm ©2- -0.9985
l_
o4 ] -0.9980
RCS41  RCS3 RCS2
100 mm 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Frequency [kHz]
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Stainless Steel Rectangular Vacuum Chamber
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Eddy current ohmic loss in rectangular stainless steel Beam Pipe

Stainless steel: S R e .
« Conductivity: 11 x 106 S/m
20 -1.217
* Height and width: 30X100mm* —
§ -1.216
 Thickness: 0.3mm S s -
" —— Analyticai 1215_|¢
[¥)] | ==
8 - FEM =
:s 1214
E 10'
e
30 mm o -1.213
5_
0.3 mm -1.212
100 mm r1.211
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Frequency [kHz]
*(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

E n e rgy I OSS Simplified RC52 NC magnet ramp shape

3 Z —— Reference magnet ramp
International 1:5
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—— Linear ramp

1.0
The energy loss per cycle can be estimated by using
the ramp time (Tramp) from the 0.5
tentative parameters list. =
w00
RCS: 2 3 4 ® o5
Tramp [MS] 1.1 2.37 6.37 »
And by assuming the magnetic field of one _15
cycle can be modeled as a sine wave with a amp time = 1.1 ms
periOd Of 2Tramp. =-2.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
<P> Time [ms]
Q ~ L ’ QTTamp Energy loss per cycle rectangular beam pipe:
RCS: 2 3 4
Where Q is the energy loss per cycle in the Ener
ay
rectangular vacuum chamber due to Eddy loss 2462 1143 425
currents. [J/cycle/m]
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https://cernbox.cern.ch/s/NraNbczzBSXctQ9
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The energy loss per cycle can be estimated by using

the ramp time (Tramp) from the
tentative parameters list.

Energy loss

International

4
6.37

RCS: 2

1.1

3
2.37

Tramp [MS]

And by assuming the magnetic field of one
cycle can be modeled as a sine wave with a
period of 2T amp.

0~ )

I
I

T 2Tramp

Larger than total energy loss of magnet! (r. soattini, M. Gast)

A continuous conducting beam pipe will cause too
large losses.

B [tesla]

Simplified RCS2 NC magnet ramp shape

—— Reference magnet ramp
—— Linear ramp

1:5

1.0

0.5

e
=

|
o
[,

=10

-=1.5
amp time =1.1ms

-2.0

0.0 0.5 1.0 15 2.5 3.0

Time [ms]

2.0

Energy loss per cycle rectangular beam pipe:

RCS: 2 3 4
Energy
toss—P 2462 1143 425
[J/cycle/m]

J"


https://cernbox.cern.ch/s/NraNbczzBSXctQ9
https://indico.cern.ch/event/1309172/contributions/5506773/attachments/2718115/4721666/Impact_of_ramp_shape_on_magnets_and_power_converters.pdf

Reducing Eddy Current Losses
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A vacuum chamber made of a material
with low conductivity, like ceramic (o
~10" S/m), would eliminate the
problem of Eddy currents.

But RF shield is necessary to keep the
chamber impedance low.

Since the losses within a plate is
proportional to the cube of its width,
we can significantly reduce the losses
by segmenting the beam pipe into
thin parallel strips.
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Longitudinal striped design
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P B2wda<NHw2
L 3

. (The proton driver design study, 2000)
Time averaged:

<P> B 27T2(Bof>2’wd(7 NHU}2
L 3 =

w: Stripe width

d: stripe thickness

Nu: Number of horizontal stripes (top + bottom)
Nyv: Number of vertical stripes (left + right)

o: Electrical conductivity

Instantaneous:

B: Magnetic field strength

Time averaged:

Bo: Magnetic field amplitude

f: B field’s frequency of oscillation

+ Nde)

—I—Nvd2)
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https://inspirehep.net/files/7c7b045c98da2b90dd563ebd09938fb4

Longitudinal striped design
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P B2wda<NHw2
L 3

. (The proton driver design study, 2000)
Time averaged:

<P> B 27T2(Bof>2’wd0 NHU}2
L 3 =

w: Stripe width

d: stripe thickness

Ny: Number of horizontal stripes (top + bottom)
Nyv: Number of vertical stripes (left + right)

o: Electrical conductivity

Instantaneous:

B: Magnetic field strength

Time averaged:

Bo: Magnetic field amplitude

f: B field’s frequency of oscillation

+ Nde)

—I—Nvd2)
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https://inspirehep.net/files/7c7b045c98da2b90dd563ebd09938fb4

Longitudinal striped design
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P B2wda<NHw2
L 3

. (The proton driver design study, 2000)
Time averaged:

<P> B 27T2(Bof>2’wd0 NHw2
L 3 =

w: Stripe width

d: stripe thickness

Ny: Number of horizontal stripes (top + bottom)
Nyv: Number of vertical stripes (left + right)

o: Electrical conductivity

Instantaneous:

B: Magnetic field strength

Time averaged:

Bo: Magnetic field amplitude

f: B field’s frequency of oscillation

+ Nde)

—I—Nvd2)
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https://inspirehep.net/files/7c7b045c98da2b90dd563ebd09938fb4

Longitudinal striped design

A instantaneous:
P B*wdo

L= 3

Time averaged:
N2 @ _ 27r2(Bof)2wda(

L 3

w: Stripe width

d: stripe thickness

Ny: Number of horizontal stripes (top + bottom)
Nyv: Number of vertical stripes (left + right)

o: Electrical conductivity

Instantaneous:

N./2 B: Magnetic field strength

Time averaged:

Bo: Magnetic field amplitude

f: B field’s frequency of oscillation

NHw2

2
+ Ny d )
(The proton driver design study, 2000)
N Hw2
4

Nu/2

—I—Nvd2)

Nu/2
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https://inspirehep.net/files/7c7b045c98da2b90dd563ebd09938fb4
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Eddy current ohmic loss in rectangular stainless steel Beam Pipe ) ) .
By changing to a striped design,

107 while keeping the thickness
unchanged, we see a reduction of
100 ohmic loss of 2-3 orders of

magnitude depending on the width
of the stripes.

=
o
v}

This assumes the parallel stripes to

e be touching. In reality we would

i Al have some spacing between them.
P This will in turn reduce the number

Ohmic Loss [W/m]
o

—— Analytical rectangular beam pipe

DLy M 4 -l A R FEM FecEanuUIAr bEarT Bie of stripes and thus the ohmic loss
S0 i 10mm stripe width further.
10! - 5mm stripe width
T e 2mm stripe width
RCS41  RCS3i RCS52
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Frequency [kHz]
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Energy loss
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Energy loss per cycle for the longitudinally
striped design:

Energy loss per cycle for RCS: 2 3 4
rectangular beam pipe: 10 mm Energy
stripe width loss 16.01 7.43 2.76
RCS: 2 3 4 [J/cycle/m]
Energy S mm Energy
loss 2462 1143 425 stripe width loss 4,01 1.86 0.69
[J/cycle/m] [J/cycle/m]
2 mm Energy
stripe width loss 0.65 0.30 0.11
[J/cycle/m]

14-03-2024



Example from J-PARC
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i | Every stripes are jumped
! over the joint area.

Capacitance : 330 nF

oW

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

Conclusion and next step
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» Large metallic surfaces in the RCS vacuum chamber leads to unacceptable Eddy
current losses.

* By using a ceramic vacuum chamber with a RF shield consisting of thin longitudinal
stripes on the outside we can reduce the Eddy current losses significantly.

* Next steps:

— Confirm the analytical formula for the longitudinally striped design with
electromagnetic simulations.

- Further investigate the beam coupling impedance of a ceramic beam pipe with
longitudinal conducting stripes on the outer surface.
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g ; > ‘ Overview of the magnet (dipole) model: Losses calculation

International
UON Collider
Collaboration

Full resonance circuit Switched resonance circuit

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

(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

Elliptical Vacuum Chamber

e e

P.gay/L = AB*0da’ / sin®(0) 1 — —)sin%(6)db
0

ANC—_ 4
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CL2
(Xu & Wang, 2012)

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