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The purpose of this paper is to investigate eddy current effects in the vacuum cham-
ber of the Beta-Beam Rapid Cycling Synchrotron.
Field components induced by eddy-currents are calculated and their effects on the ring
chromaticity and tunes are evaluated. Finally a chromaticity correction scheme preser-
ving a large dynamic aperture is presented.



1 Introduction

Time varying field in magnets of a rapid cycling synchrotron induces eddy currents

in vacuum chambers which in turn produce various multipole fields acting on the beam.
In dipole magnets, the main generated eddy current field component is a sextupole which
modifies the natural chromaticity of the ring. In quadrupoles, the main component is a
quadrupolar field which modifies the machine’s tunes.
The purpose of this paper is to investigate eddy current effects in the vacuum chamber
of the Beta-Beam RCS. Calculations have been made for the updated version of the RCS
having a physical radius of 40m. Its major parameters are listed in table 1. Two values
of the repetition rate have been envisaged : 10 Hz (baseline scenario) and 20Hz (possible
futur upgrade).

Injection energy 100 MeV /u
Extraction energy 3.5 GeV eq. proton
Maximum rigidity 14.47 T.m

Number of FODO cells 24

Superperiodicity 3

Repetition rate 10 Hz or 20Hz
Transition gamma 5.34
Ring circumference 251.32 m

Revolution time at injection 1.95 s

Table 1 : Main parameters of the ring

2 Induced sextupolar component in the dipoles cham-
bers

For a sinusoidal ramp, the time variation of the magnetic field is given by the equa-
tion :

B.(t) = —(a — cos(wt)) (1)

where :

- BO = Bma:c - Bmm

— o= Bma:c"!‘Bmin
Bmaw_Bmin
- w =127

— f is the RCS repetition rate



The general formulae for the sextupolar component in elliptic vacuum chambers is

given by : [1], [2] :

1 8232_uoaeﬁj(é)
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where :
— po = 471077 is the vacuum permeability
— 0 =1,3.10°Q0"1.m™! is the stainless steel vacuum chamber conductivity
a is the vacuum chamber half-width
h = b is the vacuum chamber half-height
p is the dipole bending radius
e is the chamber thickness

and

J(Z) = /0’2’ sinqb\/congzﬁ + (Z)%i?ﬁgbdgf)

is a function of the vacuum chamber ellipticity.
Therefore :

_ ppoe  wsin(wt) J(é)

hp a—cos(wt) “a

Note that in the particular case of two parallel plates with b << a , ref [3] gives :
5273 B oBe
5z2 Mg

So that :

1 ,uooBe
m= —
2Bp h

(6)

which corresponds to the result given by the equation(2) since, in this case J(2) = 0.5.
In order to evaluate the consequences of this variable sextupolar component, simula-
tions have been performed with the BETA code [6] which allows the introduction of a

sextupolar term 3 in the data for dipoles.



This  component is defined by :

2 92 B
= L0 @
In order to compensate for this § component, 9 sextupoles per superperiod are ins-
talled in the ring (3 in horizontal plane and 6 in vertical plane). The optical functions of
the ring for one superperiod with positions of sextupoles are presented in figure 1.

BETA-LNS v7.40 /09/06/06/ 23/Nov/06 11:04:15 2nd .000E+00
_ OPTICAL FUNCTIONS

NUX = 6.700

NUZ = 6.5950

1/Pi=—0.000E+00]

E
Betax Betaz E. P?\0.000E +00{

O ) R
IR TAVATRVATAAFRVANALAY
SWHHVX LA

AVAVAVAYAYAVAVAYRVAY <
o | sl 52 A s Al I e

20

RCS BETA-BEAM,3.5GeV eq p. pour correction chromaticité

Figure 1 : Optical functions of the ring and sextupole positions for one superperiod

2.1 Results for Helium 6 beams

The geometry of the vacuum chamber is defined by the following parameters :
a=h =4cm, b =5cm, e = 0.3mm.

This gives : J(2) = 0.87

For the Helium ions beam B,,;,, = 0.33211167 (at injection) and B, = 1.082354T

(at extraction).
Therefore, with a bending radius p of 13.369 m we obtain :

B(t) = 0.707233 — 0.3751212cos(2 ft) (8)



and :

sin(wt)

"= 0'051.885 — cos(wt)

at 10H z 9)

sin(wt)

=0.1
" 1.885 — cos(wt)

at 20H z (10)

The sextupolar component variation during the magnetic cycle is given by figures 2a and
2b .
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Figure 2a : Sextupolar component induced Figure 2b : Sextupolar component induced
by eddy currents during the cycle at 10Hz by eddy currents during the cycle at 20Hz

From this result it is possible, using BETA, to calculate the induced chromaticity &
defined by :

Av
E- 2 (11)
p
Figure 3 shows the eddy current induced chromaticity during the magnetic cycle, (na-
tural chromaticity being compensated for by sextupoles and figure 4 shows the total
chromaticity (no sextupole correction). In all graphs the black curve corresponds to the
horizontal plane and the red curve corresponds to the vertical plane for 10Hz operation,
the blue curve corresponds to the horizontal plane and the green curve correspond to
the vertical plane for 20Hz operation :
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Figure 3 : Eddy current induced chromaticity during the magnetic cycle
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Figure 4 : Total chromaticity during the magnetic cycle

This total chromaticity is then compensated for by sextupoles located in the dispersive
sections of the ring (2 families). Their normalized strength HI with :

1 9B
Hi = /QBdel (12)

is given in figure 5.
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Figure 5 : Sextupole strength to correct the total chromaticity

2.2 Results for Neon 18 beams

In the case of Neon ions, the parameter list is exactly the same except for the bending
dipole field law which becomes :

B(t) = 0.6408104 — 0.441544cos(2 frt) (13)

In this way the sextupolar component becomes :

sin(wt)
=0. t 10H 14
m =0 05361.451 — cos(wt) at 1041z (14)
sin(wt)
m = 0.1072 at 20H 2 (15)

1.451 — cos(wt)



as we can see in figures 6a and 6b :
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Figure 6a : Sextupolar component induced Figure 6b : Sextupolar component induced
by eddy Currents during the cycle at 10Hz by eddy Currents during the cycle at 20Hz

We then obtain the chromaticity induced by eddy currents :
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Figure 7 : Eddy currents induced chromaticity during the magnetic cycle



And also the total chromaticity during the cycle :
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Figure 8 : Total chromaticity during the cycle

Finally, the correction sextupole strength for correcting this total chromaticity during
the ramping is given by Figure 9.
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Figure 9 : Sextupoles strength to correct the total chromaticity



3 Induced quadrupolar component in quadrupole va-
cuum chamber

Eddy current effects in quadrupolar vacuum chambers have been investigated in [4],
[5]. For a circular vacuum chamber of 7 medium radius, the relative change of the field
gradient is given by :

AG 7 B,
= o2 1
G 16#0067" B. (16)

It is thus possible to evaluate the relative tune shift associated with such a gradient
change in a quadruple using the equation :

Av A(KL)
=Y _ 1
v b 4y ( 7)
with :
GL
KL =— 1
) (18)
where :

— [ is the beta function of the ring at the level of the quadrupole

— L is the quadrupole lenght.
The total tuneshift is given by the sum of each quadrupole contribution of the ring ne-
glecting the optical functions variations .

1
A= / B(s)AK.ds (19)

As a exemple we have computed the gradient change induced by eddy currents in an
inox circular vacuum chamber of radius r = 5.5¢m, and having a thickness of e = 0.3mm
and a conductivity of o = 1,3.10°Q71.m~"! in the case of He beam.

For these calculation we have used the following parameters :

— vr=6.7; v2=6.55

— fx ~ Bz ~ 17.5m in quadrupole

— Focusing quadrupole strength = 0.749424m~
Defocusing quadrupole strength = —.719992m ™~

2
2

Figure 10 shows the relative gradient change in one focusing quadrupole, the asso-
ciated horizontal tune shift during the ramping is given by figure 11.
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Figure 11 : relative horizontal tuneshift
Figure 10 : relative gradient modification during the magnetic cycle for one
during the magnetic field cycle quadrupole

In order to obtain the variation over one turn, we add up variations for all focusing
or defocusing quadrupoles of the ring. The maximum % value for one quadrupole is
obtained for Neon beam at 20 Hz : —2.2.107% so :

Av™* = 3.5.1072 in the horizontal plane for all the ring.

This tune change is very small and does not pose any problem. Moreover this variation
is approximatly the same in horizontal and vertical planes because focusing and defocu-
sing quadrupole strength, horizontal and vertical tunes and horizontal and vertical beta

functions are not very differents.

4 Dynamic aperture

From the point of view of beam dynamics, one of the consequences of the sextupolar
component induced in the dipole vacuum chamber is the ring chromaticity modification
which induces dynamic aperture modification because of sextupoles compensation. In
the vertical plane, the chromaticity is increased and therfore, stronger sextupoles are
required for its compensation. As a consequence, a reduction of the dynamic aperture is
expected.

The dynamic aperture is presented on figures 12a to 12d. It shows the result of calcula-
tions performed with the BETA code for repetition rates of 10Hz and 20Hz. In all cases,
the total chromaticity is compensated for by two sextupole families located in the arcs
of the RCS.

For both graphs, red curves represent dynamic aperture without eddy currents, green
curves correspond to maximal sextupolar component strenght and blue curves correspond
to a intermediate value at t=0.03s for 10Hz operation and t=0.014s for 20Hz operation.

11



DYHAMIC APERTURE { AXIS)
T e et R BB R ————
0.4 [ o a1
1 ExfPI= 5.260E-5
] Ez/PI= 2.858E4
0.12 | 1 Wturn= 100
i Gmax = 1.000E-D5
0.1 b i il
.08 | d i
0.06 [ ] i
0.2 | ] E
0.0z | x| ]
1 1 1 1
-3 —.2 T 0 0.2 0.3
Figure 12a : Dynamic aperture for Helium ions at 10 Hz
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Figure 12d : Dynamic aperture for Neon ions at 20 Hz
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As one can see, our correction scheme provides, in all cases, dynamic apertures which
are larger than the vacuum chamber aperture. Thus, compensation of eddy current effects
is not a problem from the point of view of dynamic aperture, even for a repetition rate
of 20Hz.

5 Estimate of eddy current power dissipation in the
dipole vaccuum chamber

As shown in the previous chapter, dynamic aperture is not the figure of merit which
gives a limitation for the RCS operation at 20Hz.
This is the reason why calculations have been undertaken to estimate the eddy current
power loss in the dipole vacuum chamber and the associated temperature rise. For these
calculations, we suppose that the vacuum chamber cross section can be approximate by
a rectangle of half-width a and half-height b.
In this case, the power dissipation per unit of length is given by [7], [8] :

Pogay/L = 4Bza2ea(% +b) (20)

exprimed in Watts/meter.
where :

B is the magnetic field

a is the chamber half-width = 5cm

b is the chamber half-height = 4cm

— o is the chamber’s electrical conductivity
— e is the chamber thickness = 0.3mm

The first term corresponds to the power loss in the horizontal walls of the chamber
and the second term gives the power loss in the vertical walls. 0In our case the second
term is the most important. Numerically, we obtain the following results for the case of
Ne ions acceleration where B’max = 55.38 T/s at 20Hz :

Py /L = 199.35W/m(hor. faces) + 478.44W /m(vert. faces) = 677.8 W/m for Ne at
20Hz.

Phas L = 49.83W/m(hor. faces) + 119.61W/m(vert. faces) = 169.45 W /m for Ne at
10Hz.
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and the time average power which is dissipated in the chamber during the cycle per
unit of length becomes :

Peaay/L = 99.67TW/m(hor. faces) + 239.2W /m(vert. faces) = 338.9 W/m for Ne at
20Hz.

P.aay/ L = 24.915W/m(hor. faces) + 59.8W /m(vert. faces) = 84.7 W /m for Ne at 10Hz.

This power being significant, calculations have been performed with the code I-DEAS
to estimate the vacuum chamber temperature rise [9], [10]. Results are summarized in
figure 13. Temperature distributions are given for Ne operation at 10Hz (right) and 20Hz
(left).

In both case, a chamber section of 10cm long is represented.
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Figure 13 : Chamber heating simulations for 10Hz and 20Hz operation
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As we can see, the maximum chamber temperature is below 60°C at 10Hz but is above
130°C at 20Hz. In this last case, detailed technological issues have to be considered to
assess the consequences of such a temperature.
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7 Appendix

Here are presented the values of  component and sextupoles strength during the
magnetic cycle for both ions.

Tableauw 1 : 3 component and correction hexapoles strength HL during the cycle for He

tons at 10 Hz.

t (s) 6] SX1 (m™2) | SX2 (m™?)
0.005 | 39.503 0.15 -0.28
0.01 | 65.265 0.12 -0.31
0.015 | 74.51 0.11 -0.32
0.02 | 72.098 0.12 -0.32
0.025 | 63.38 0.13 -0.31
0.03 | 51.788 0.14 -0.30
0.035 | 39.088 0.15 -0.28
0.04 | 26.067 0.17 -0.267
0.045 | 13.0186 0.18 -0.25

t (s) g SX1 (m™2) | SX2 (m™2)
0.005 | 130.66 0.0401 -0.39
0.0065 | 145.243 -0.0177 -0.419
0.008 | 149.684 -0.0214 -0.41
0.0095 | 146.609 -0.037 -0.41
0.011 | 138.398 0.0256 -0.4
0.0125 | 126.888 0.0509 -0.39
0.014 | 113.37 0.0799 -0.37
0.0155 | 98.702 0.105 -0.35
0.017 | 83.422 0.131 -0.33
0.0185 | 67.855 0.131 -0.32
0.02 52.185 0.131 -0.3
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Tableau 2 : 3 component and correction hexapoles strength HL during the cycle for He

tons at 20 Hz.

Tableau 1 : 3 component and correction hexapoles strength HL during the cycle for Ne

tons at 10 Hz.

Tableau 2 : B component and correction hexapoles strength HL during the cycle for Ne

tons at 20 Hz.

t (s) g SX1 (m™2) | SX2 (m™2)
0.005 | 73.046 0.125 -0.32
0.01 | 109.386 0.08 -0.36
0.015 | 111.971 0.07 -0.37
0.02 | 99.048 0.09 -0.35
0.025 | 82.338 0.11 -0.33
0.03 | 64.559 0.12 -0.31
0.035 | 47.408 0.14 -0.29
0.04 | 31.072 0.16 -0.277
0.045 | 15.37 0.18 -0.26

t (s) o] SX1 (m™2) | SX2 (m™?)
0.005 | 218.772 -0.04 -0.49
0.0065 | 227.259 -0.05 -0.5
0.008 | 220.447 -0.04 -0.491
0.0095 | 205.162 -0.03 -0.47
0.011 | 185.746 -0.006 -0.45
0.0125 | 164.676 0.02 -0.43
0.014 | 143.258 0.04 -0.4
0.0155 | 122.127 0.06 -0.38
0.017 | 101.543 0.08 -0.36
0.0185 | 81.564 0.11 -0.33
0.02 62.145 0.13 -0.31
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