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 1. Introduction
During the last two years, several upgrades of the initial baseline scenario were studied with the aim of increasing the average intensity of ion beams in the accelerator chain of the Beta Beam complex. This is the reason why the Rapid Cycling Synchrotron (RCS) specifications were reconsidered many times [1], [2], [3].
General considerations on the optical design were presented at the Beta Beam Task Meetings held at CERN and at Saclay in 2005 [4]. More detailed beam optics studies were performed during the next months. Lattices, RF system parameters, multi-turn injection scheme, fast extraction, closed orbit correction and chromaticity correction systems were proposed for different versions of the RCS [5], [6], [7].
Finally, the RCS specifications have stabilized in November 2006 after the fourth Beta Beam Task Meeting when it was decided to fix the maximum magnetic rigidity of ion beams to 14.47 T.m (3.5 GeV equivalent proton energy) and to adopt a  ring physical radius of  40 m in order to facilitate injection in the CERN PS.
The present report describes this RCS new design which is based on the results of the previous studies and which fulfils all updated requirements.
2. General parameters
The RCS accelerates He and Ne ion beams from 100 MeV/u to a maximum magnetic rigidity of 14.47 T.m (that is the rigidity of 3.5 GeV protons) with a repetition rate of 10 Hz. The threefold symmetric lattice proposed initially has been maintained. Its optical structure is still based on  FODO cells with missing magnets providing three achromatic arcs and 3 three sufficiently long straight sections for accommodating the injection system, the high energy fast extraction system and the accelerating cavities. Compared to the previous designs, the arc length has been significantly increased for the following reasons:

- the number of dipoles has been increased to obtain a transition energy allowing acceleration of protons up to 3.5 GeV

- dipoles have been split into two parts separated by a drift space where absorbers are installed to intercept the decay products.

- finally, the physical radius has been adjusted to 40 m in order to facilitate the synchronization between the CERN PS and the RCS and therefore the transfer of bunches from one ring to the other.
As a consequence of these changes, the ring is now composed of 60 short dipoles and 48 quadrupoles.
 In addition, sextupoles and steering dipoles are inserted between main magnets to compensate for the natural and eddy current induced chromaticity and to correct closed orbit distortions due to unavoidable misalignments and dipole field errors.
A schematic view of the RCS layout is shown in Figure 1 and the main parameters are summarized in Table 1.
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Figure 1. Schematic layout of the RCS
	Circumference
	251.3274 m

	Superperiodicity
	3

	Physical radius
	40 m

	Injection energy
	100 MeV/u

	Maximum magnetic rigidity 
	14.47 T.m (3.5 GeV equiv. protons)

	Repetition rate
	10 Hz

	Ramping pattern
	Biased sinusoid

	Revolution period at injection
	1.959 μs

	Revolution period at extraction
	0.9983 μs (He), 0.899 μs (Ne)

	Injected pulse duration
	50 μs

	Number of injected turns
	26


Table 1. Main parameters of the RCS
3. Optical design and lattice description
The RCS is partitioned into 24 FODO cells, 6 in an arc and 2 in a straight section. The betatron phase advance per cell (i.e quadrupole strength) and the length of the 2 sections without dipoles in the arcs have been adjusted so as to cancel the dispersion function in long straight sections and to obtain, with only 2 quadrupole families, a working point located in a region of the tune diagram which is free of systematic resonances up to the fourth order..
Figure 2 shows the location of the design working point (Qx, Qz) = (6.7, 6.55) in the tune diagram.
Lattice functions of one period calculated with BETA [8] are shown in Figure 3. 
Dipoles are only 1.4 m long in order to limit decay product losses in the yoke, they have a bending radius of 13.369 m in order to obtain a maximum magnetic field of 1.08 T and therefore to avoid a large field ramping rate for the 10 Hz operation.
Quadrupoles have a length of 0.4 m and a maximum gradient of less than 11 T/m. 

Optical parameters of the ring are summarized in Table 2.

[image: image2]
Figure 2. Working point in the tune diagram
[image: image1]
Figure 3. Optical functions
(Horizontal: red line, vertical: blue line, dispersion: green line)

	Optical structure
	FODO with missing magnets

	Superperiodicity
	3

	Betatron tunes
	Qx=6.7, Qz=6.55

	Momentum compaction
	0.0349

	Natural chromaticities ( normalized)
	ξx= -1.237, ξz= -1.273

	Number of dipoles
	60

	Bending radius
	13.369 m

	Magnetic length
	1.4 m

	Dipole field min/max
	0.2 / 1.08 T

	Number of quadrupoles
	48

	Magnetic length
	0.4 m

	Gradient min/max
	0.2 / 10.85 T/m


Table 2. Optical parameters

4. Beam emittances and envelopes
The diluted transverse emittances in the RCS after multi-turn injection are calculated from the emittances required in the PS at the transfer energy taking into account a possible blow-up of 20%.
We assume that the Ne ion beam has the same emittances as the He beam because it comes from the same linac with identical energy per nucleon and is multi-turn injected into the RCS with the same geometrical set-up of the injection septum.
Longitudinal emittance is imposed by the RF systems of the following accelerators (PS, SPS, Decay Ring) according to a scenario which maximizes the intensity of the beam stored in the decay ring.
Specifications of emittance values for the RCS at injection are listed in Table 3.

	Transverse normalized emittance (rms)
	8.6 πμm (Horiz.)          4.6 πμm (Vert.)

	Transverse physical emittance (rms)
	18.11 πμm (Horiz.)     9.69 πμm (Vert.)

	Longitudinal emittance (full)
	0.225 eVs  (He ion)    0.66 eVs  (Ne ion)


Table 3.  Emittances of the injected ion beams

Beam envelopes of the injected continuous beam are calculated for a total emittance equal to 4 times the physical rms emittances given in Table 3. Figure 4 shows the corresponding horizontal and vertical beam sizes in one third (one period) of the RCS.
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Figure 4. Beam sizes at Injection  
(Horizontal: red line, vertical: blue line)
5. Closed orbit prognosis and correction

Unavoidable magnet misalignments and dipole field errors will affect the RCS closed orbit. Main sources of closed orbit distortions are quadrupole or bending magnet misalignments and bending magnet field errors. Distortions to be expected have been statistically estimated using a procedure implemented in the code BETA  and assuming magnet element tolerances listed in Table 4. The resultant rms closed orbit without correction is shown in Figure 5. 
	Dipole     
	

	Magnetic field ΔB/B
	1. 10-3

	Magnetic length   ΔL  (m)
	0.5 10-3

	Longitudinal positioning  Δs (m)
	1. 10-3

	Tilt about co-ordinate axes (rad)
	0.5 10-3

	Quadrupole
	

	Transverse positioning (m)
	0.2 10-3

	Tilt about co-ordinate axes (rad)
	0.5 10-3


Table 4. Assumed tolerances for magnetic elements


[image: image4]
Figure 5.  Closed orbit distortion (rms value) without correction
(Horizontal: red line, vertical: blue line)
The closed orbit correction is made by using 7 horizontal and 6 vertical dipole steerers coupled with 10 horizontal and 8 vertical Beam Position Monitors (BPM) per period as indicated in Figure 5. The residual rms distortion after correction is shown in Figure 6, it can be seen that its expected maximum value is less than 1 mm.
The maximum corrector deflection angle (1 rms value) is less than 0.2 mrad that is about 9 Gauss.m in terms of integrated magnetic field at the injection energy of 100 MeV/u. In practice, correctors will be designed to produce 58 Gauss.m in order to compensate for 2 rms errors values up to the maximum energy.

[image: image5]
Figure 6.  Residual closed orbit after correction (rms value)

6. Beam injection
6.1 Injection method and simulation
It is assumed that the ion source delivers a beam pulse of 50 μs with total transverse physical emittances of 50 π.mm.mrad at a potential of 50kV [1]. It follows that the emittances of the post accelerated beam at 100 MeV/u are less than 1 π.mm.mrad. This assumption is compatible with the expected performances presented in Appendix D of the EURISOL Report [9]. Nevertheless, in order to take into account a possible blow-up in the post accelerator linac, a value of 1.5 π.mm.mrad has been adopted for the calculation of the injection efficiency.
The revolution period of ions in the RCS at 100 MeV/u being 1.96 μs, the injection process takes place over several (26) turns in the machine and is therefore referred to as multi-turn injection.
Ions are injected into one of the long straight section of the RCS by means of an electrostatic septum which provide a deflection of 17 mrad and at least 2 (probably 4, in practice) pulsed kickers producing a local closed orbit bump which places the distorted orbit near the septum for the first injected turn and which moves it away from the septum on subsequent turns until it has collapsed.
The multi-turn injection process has been studied and optimized using the code WinAgile [10]. The aim is to maximize the number of ions injected within the specified transverse emittances.
 Optimum filling of the horizontal phase space is achieved when incoming ions are injected with a position and a slope about the orbit bump which minimize their Courant and Snyder invariant. In the vertical plane, the emittance dilution is obtained by a betatron function mismatch and a beam position offset. 

Table 5 gives the injection parameters which have been adopted, Figure 7 shows the shape and the location in the ring of the orbit bump and Figure 8 shows the diluted emittances in transverse phase spaces.
	Incoming beam
	

	Energy (MeV/u)
	100

	ΔP/P wrt to central ring orbit
	0.

	Horizontal optical functions (matched to ring)
	βx=13.3 m, αx=-2.19, Dx=D’x=0

	Vertical optical functions (mismatched to ring)
	βz=14.7894 m, αz=0

	Injected beam at exit of septum
	x=46 mm, x’= 7.6 mrad,

 z=4.71mm, z’=0

	Injection conditions in the RCS
	

	Septum wall radial position
	40.5 mm

	Initial kick of bumper dipoles
	4.15 mrad

	Injection bump collapse 
	40 turns

	Multi-turn injected emittances (4 rms value)
	Εx=72.44 π.μm , Ez= 38.76 π.μm

	Injection efficiency
	79%


Table 5. Injection parameters
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Figure 7. Closed orbit bump at the beginning of injection
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Figure 8. Phase space distributions of the multi-turn injected beam

(Left : horizontal plane, Right : vertical plane)

6.2. Injection line

A preliminary sketch of the injection beam line has been studied in order to determine a realistic layout of the last part of the injection line and to estimate the parameters of the injection elements. The beam coming from the transfer line is positioned on the injection point by means of two septum magnets, then, an electrostatic deflector gives the correct injection angle to the beam. Figure 9 gives a schematic view of the injected beam and stored beams in the injection region. The injection elements are represented by numbers 1 to 3. Here the beam is circulating from the right to the left.
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Figure 9.  Injection region 
	Element
	Length (m)
	Deflection angle (mrad)
	Field

	Electrostatic deflector (1)
	1.6
	17
	60 kV/cm

	Septum magnet (2)
	0.6
	100
	0.75 T

	Septum magnet (3)
	0.8
	230
	1.27 T


The characteristics of the injection elements are given in Table 6.
Table 6.  Parameters of the injection elements 
7. Main magnet cycle, eddy current effects, chromaticity correction and dynamic aperture
Bending and focusing magnets are excited with freely programmable power converters providing a biased sinusoidal ramp. In dipoles the time variation of the bending field is thus given by:
Bz(t) = BDC - BAC.cos(2πft)           dBz/dt = 2πf BAC.sin(2πft)
with                 BDC =  (Bmax+Bmin) / 2       and    BAC = (Bmax – Bmin) / 2
At injection,   (B() = 4.44 T.m for 6He2+   and   Bmin= 0.332 T 

                       (B() = 2.66 T.m for 18Ne10+   and   Bmin= 0.199 T

At extraction, (B() =14.47 T.m for both ions and Bmax= 1.082 T
With f = 10 Hz, it follows that : 

      Bz(t) = 0.707-0.375 cos 20(t  and (dBz/dt)max = 23.56 T/s for 6He2+
Bz(t) = 0.641-0.442 cos 20(t  and  (dBz/dt)max = 27.77 T/s for 18Ne10+
Time varying field in magnets of a rapid cycling synchrotron induces eddy currents in metallic vacuum chambers which in turn produce various multipole field components acting on the beam. 
In dipole vacuum chambers, one important component is a sextupole which modifies the natural chromaticity of the ring. In quadrupoles, the main component is a quadrupolar field which modifies the tunes.
In addition, another consequence of eddy currents is a heating of the vacuum chamber.
7.1 Induced field component in the quadrupole vacuum chamber
The relative change of the field gradient G due to eddy currents in the circular chamber of a quadrupole has been studied in references [11] and [12] and is given by:
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where

               μ0 = 4π 10-7 vacuum permeability
                 σ = chamber conductivity
                 e = vacuum chamber thickness  
                  r = inscribed circle radius

 It is thus possible to estimate the relative tune shift Q associated with such a gradient change in one quadrupole using the equation:
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 is the quadrupole strength,  β is the average beta function in the quadrupole, L is the quadrupole length.

As an example, the gradient change induced in a stainless steel circular chamber has been calculated in the case of Ne ion acceleration with the following parameters:

Qx = 6.7, Qz = 6.55, βx = βz = 18 m, Kx = 0.749424 m-2, Kz = -0.719992 m-2
r = 6 cm, e = 0.3mm, σ = 1.3 106 Ω-1. m-1 
The resulting relative gradient change and tune shift due to one quadrupole are shown in Figures 10 and 11 respectively.
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Figure 10. Relative gradient change during the acceleration cycle
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Figure 11.  Relative horizontal tune shift per quadrupole
Finally, the maximum tune shifts due to the contribution of all quadrupoles are 6.864.10-3 for the horizontal plane and 6.41.10-3 for the vertical plane, they are therefore negligible.
7.2 Induced sextupolar component in the dipole vacuum chamber
In elliptic vacuum chambers, the induced sextupolar component m is given by references [13], [14]
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where :    

                 a = vacuum chamber half width
                 b = vacuum chamber half height
                 h = dipole gap half height
                 e = vacuum chamber thickness
                 ρ = dipole bending radius
and    
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is a function of the chamber ellipticity

Note that in the particular case of two parallel plates with b<<a (or for a rectangular chamber with b<<a), reference [15] gives:
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which corresponds to the result given for an elliptic chamber since J(b/a) = 0.5 in this case.
Taking into account the beam sizes at injection and a closed orbit distortion margin of   1 cm, the sextupolar perturbation term m(t) has been estimated with the following values of the parameters:
h = 5 cm  , a = 5 cm   , b = 4 cm   , e = 0.3 mm
The difference between the gap height and the chamber height is due to the fact that the chamber is supposed to be made from a 0.3 mm thick stainless steel tube reinforced by ribs brazed on the tube according to the technique initially proposed for DESY 2 [16]. 
Figure 12 and 13 show the time variation of the induced sextupole strength m(t) during the acceleration cycle for He and Ne ions respectively.
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Figure 12.  Induced sextupolar component during He ions acceleration
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Figure 13.  Induced sextupolar component during Ne ions acceleration
.
7.3 Chromaticity correction and dynamic aperture  
As mentioned already, this induced eddy current sextupole introduces an extra chromaticity and therefore has to be taken into account to estimate the strength of the components of the total chromaticity correction system.
Figures 14, 15, 16, 17 show the variation of the induced and the total chromaticities during the ramping for the He and Ne beams.

One can see that the eddy current sextupole reduces the chromaticity in the horizontal plane and increases it in the vertical plane.
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Figure 14. Variation of eddy current induced chromaticity for He ions at 10Hz
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Figure 15. Variation of the total chromaticity for He ions at 10Hz

Figure 16. Variation of eddy current induced chromaticity for Ne ions at 10Hz
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Figure 17. Variation of the total chromaticity for Ne ions at 10Hz

In order to compensate for these total chromaticities, 2 families of sextupole lenses located in the dispersive region of the ring are required. There are 6 sextupoles for the vertical plane and only 3 for the horizontal one per superperiod.  Figure 18 shows their location close to quadrupoles in the lattice. This dissymmetry is due to the fact that the dispersion function in focusing quadrupoles is about twice as large as the dispersion in defocusing quadrupoles.
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Figure 18. Location of correction sextupoles

The correction sextupole integrated strength 
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 required to cancel the total chromaticity has been calculated with the code BETA. Figures 19 and 20 show their variation during the ramping.
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Figure 19. Variation of the integrated sextupole strength for He ions at 10Hz
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Figure 20. Variation of the integrated sextupole strength for Ne ions at 10Hz

Correcting sextupoles create harmful nonlinear effects (resonance excitation, optical function distortion, amplitude dependant tune shift) which can limit the stability of large amplitude betatron oscillations.
In order to estimate the consequences of these effects, the ring dynamic aperture has been computed with the code BETA. Figures 21 and 22 show the results of calculation for two sets of correction sextupole strength required to cancel the ring chromaticity.
Dynamic aperture without eddy currents effects and in presence of the maximum induced sextupole is given by red and blue curves respectively.
As expected, the vertical aperture is reduced in the vertical plane because eddy currents have increased the chromaticity in this plane.

Nevertheless, dynamic aperture remains larger than the vacuum chamber aperture and the conclusion is that the induced sextupolar field poses no problem from the point of view of beam dynamics.
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Figure 21. Dynamic aperture for He ions 
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Figure 22. Dynamic aperture for Ne ions
7.4 Estimate of eddy current power loss in the dipole vacuum chamber
The eddy current power loss in dipole vacuum chamber has been estimated using analytical formulas giving the power dissipation per unit of length [17], [18]:
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Simulations of the heating done with the code I-DEAS are presented in [6]. They have shown that the chamber temperature will not exceed 60° C in the case of Ne ion acceleration at 10 Hz.  
8. RF acceleration cycle and system
The programs for RF voltage V(t) and synchronous phase φs(t) are determined by the following requirements:
(i) in order to maintain the central trajectory of the beam on the reference orbit the energy gain per turn must be linked to the variation of the magnetic guiding field B(t) according to the following equation
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C being the ring circumference and ρ the dipole bending radius
(ii)  the voltage must provide a sufficient bucket area in the energy-time phase space to enclose the longitudinal beam emittance
(iii) at the beginning of the cycle, the trapping process must be optimized to achieve the lowest  particle losses
(iiii) at extraction, the bunch must be matched to the bucket of the next machine.
It follows that the RF cycle is composed of three parts:

-trapping at fixed frequency 
-acceleration with variable RF frequency and synchronous phase
-bucket matching at extraction

After multi-turn injection, the circulating beam is continuous (phase spread of 360 degrees) and occupies a rectangle in the longitudinal phase. To capture the injected particles, one stationary bucket (harmonic number h=1) is created. During trapping, the magnetic field is clamped at its minimum value for a period of few ms and the synchronous phase is zero. The RF voltage is optimized to obtain a beam rotation in the longitudinal phase space of about 90 degrees and a momentum spread as small as possible before the acceleration phase.
When the magnetic field starts to ramp, the synchronous phase is shifted and the beam is accelerated. The program of the rise of the RF voltage and the synchronous phase variation are defined to obtain a sufficiently large bucket area and to minimize losses.
Finally, at the end of the cycle, the bunch is manipulated so as to be matched to one of the PS RF buckets.
The RF cycle has been simulated and optimized with the code ACCSIM [19] developed at TRIUMF and with another code developed at the IPN Orsay for this purpose [20].
8.1 RF trapping
After injection the beam is uniformly distributed in phase around the ring (phase spread of 360 degrees). One single bunch (hRCS=1) has to be injected into a relatively high harmonic bucket (hPS=21). Consequently the debunched beam at injection in the RCS must have a tiny energy spread in order to avoid the ejected bunch exceeding this emittance budget (0.64 eV.s for Helium ions and 1.4 eV.s for Neon ions). It follows that the required relative momentum spread after injection in the RCS is 10-4. The linac is capable of delivering this required momentum spread, but a comparable bucket height is generated by only a few volts of RF in the RCS. Iso-adiabatic rebunching is therefore excluded and a compromise must be found between particle loss and the final emittance of the beam. To this end, the trapping has been optimized so that the beam rotates by about a quarter of turn during trapping with a momentum spread as small as possible. Trapping needs 4ms for Helium and 3ms for Neon with a constant voltage of 100V   (10-3 maximum voltage of 100kV) for both ions. 
The figure 23 shows the beam just after injection for both ions (continuous beam, phase spread of 360°, full momentum spread of 10-4) and the figure 24 presents the beam at the end of trapping, just before the acceleration beginning. 
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Figure 23. Beam in longitudinal phase space after injection for both ions
 (He on the left, Ne on the right)
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Figure 24. Beam in longitudinal phase space just at the end of trapping for both ions (He on the left, Ne on the right)

8.2 Acceleration
After the trapping process, the magnetic field starts to ramp and the synchronous phase is shifted for beam acceleration. There is a condition on the longitudinal emittance at extraction for both ions (εL = 0.64 eV.s for He and 1.4 eV.s for Ne). This condition on the emittance induces a condition on the bucket area at the end of the cycle that is a condition on the synchronous phase. Therefore, the phase has to increase from zero during trapping up to the required value determined by simulation and the RF program is directly deduced from the phase program. It is necessary to apply the RF voltage in such a way that the synchronous phase increases smoothly. Otherwise there are rapid changes in the position of the separatrices and particles can “jump” out of the bucket.  Figure 25 shows the variation of the synchronous phase for both ions and figure 26 shows the profile of the rise of the voltage in cavities.
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Figure 25. Synchronous phase evolution during cycle for Helium ions (left) and Neon ions (right)
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Figure 26.  Voltage program during cycle for Helium ions (left) and Neon ions (right)
The synchronous phase reaches 60° for Helium ions and 72° for Neon ions and the maximum voltage is 100 kV for both ions. 
At the end of the cycle, the synchronous phase comes back to zero and the beam is finally matched to the PS bucket by applying a particular value of the RF voltage (20 kV for Helium and 1.4 kV for Neon).
Figures 27 show the beam at the end of the acceleration cycle, just before extraction. Bunches are matched to the PS buckets. 
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Figure 27.  Beam in longitudinal phase space just at extraction for both ions 
(He on the left, Ne on the right)

8.3. Longitudinal emittance variation
The variation of the longitudinal emittance (4 RMS emittance) during cycle calculated with the code SLAM [20] is presented in Figures 28 and 29 for both ions. 
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Figure 28. Longitudinal emittance variation during cycle for Helium ions
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Figure 29. Longitudinal emittance variation during cycle for Neon ions

The peak at the beginning of the field ramp is due to the fact that at this time the synchronous phase is small. This induces a large bucket area and consequently an increase of the total relative momentum spread of the beam. Then, by increasing the synchronous phase, the bucket area decreases and the beam is compressed up to the required longitudinal emittance value at extraction (0.64 eV.s for Helium ions and 1.4 eV.s for Neon ions).
8.4. RF system
The acceleration system has to provide a maximum voltage of 100 kV and a frequency swing from 0.51 to 1.12 MHz for the harmonic h=1.

Basically, there are two possibilities for achieving these requirements. 
A first one is to use classical ferrite loaded cavities similar to those developed at CERN for the PS Booster first harmonic system [21] and which covers a frequency range of 0.5 to 1.6 MHz. With a typical gradient of 5kV per meter, the installation of the needed 100 kV voltage requires 20 m in straight sections. This is compatible with the RCS layout.
A second possibility is to use Magnetic Alloy (MA) loaded cavities similar to those developed for SIS 18 at GSI [22] or for the 3GeV RCS J-PARC in Japan [23].  These cavities are operated within frequency ranges close to our requirements and are able to provide a voltage on the order of 40 kV for a total length of about 2.5 m.
9. Losses
Three types of losses occur during the cycle: injection losses, decay losses and RF losses.
Injection of a long pulse (longer than the revolution period at injection) requires a closed orbit distortion at injection point. Multi-turn injection efficiency cannot be 100% and a part of the beam is unavoidably intercepted by the injection septum (electrostatic deflector). After optimization with Winagile, the injection efficiency is about 80% for both ions. 
Acceleration of a radioactive beam induces decay losses during cycle. The beam does not stay a long time in the ring (less than 55ms) so decay losses are relatively small (3.7% of the beam for Helium and 1.55% for Neon).

Finally a part of the beam is lost during acceleration by bunching the beam. Figures 30 and 31 show decay and capture losses along the ring for both ions calculated with ACCSIM. Location and intensity (% of the beam) of decay and capture losses are represented by the red and black plots respectively.
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Figure 30. Decay and capture losses localisation in the ring for Helium ions

[image: image55.jpg].06

.05

02

.03

.02

.01

CLOSED ORBIT

Injectio;

point

50

55

65

70

75

80





Figure 31.  Decay and capture losses during cycle for Neon ions

As can be seen, capture losses are mainly concentrated in 3 quadrupoles located in the arcs. All decay losses are located in the arcs.

Losses (% of the beam) as function of the turn number in the ring during the cycle for Helium and Neon ions are presented in Figures 32 and 33. Black and red plots correspond to decay and capture loss respectively.
Decay losses are almost constant during cycle but there are two peaks of capture losses. The first peak appears at the beginning of the cycle when the RF voltage starts to accelerate the beam. At this time particles which were near the stationary bucket fixed points are suddenly outside the dynamic bucket and therefore are lost.
The second peak occurs when the bucket area is minimal. The beam fills the bucket and any small variation of the bucket area leads to particles losses.
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Figure 32. Decay and capture losses during the cycle for Helium ions

[image: image57.jpg]110 4

100 4

a0

(A) eBejon

50

40

30

20

Time (ms)




Figure 33.  Decay and capture losses during the cycle for Neon ions

After detailed simulations and optimizations, the total relative losses, including decay and capture losses, do not exceed 30 % for both ions. Table 7 presents the efficiency for injection and acceleration and the total transmission of the ring for both ions. The acceleration efficiency includes decay losses and capture losses.
	
	Injection efficiency
	Acceleration efficiency
	Total transmission

	Helium
	80 %
	87 %
	70 %

	Neon
	80 %
	85 %
	68 %


Table 7. Beam transmission efficiency 

10. Fast extraction system
After acceleration to the final energy, ion beams are extracted in a single turn and directed towards the PS. The extraction system consists of 2 fast kickers and 3 septum magnets which are installed in one of the 3 long straight sections of the ring. The kicker magnets layout located upstream of a defocusing quadrupole in the horizontal plane is designed to produce a sufficient separation between the circulating beam at injection and the extracted beam at the entrance of the first septum magnet. Then, septum magnets produce the required deflection to eject the beam from the ring and to avoid the yoke of the next quadrupole.
Taking into account the bunch length and the revolution period at the extraction energy, the kicker field rise time must be less than 800 ns and must hold a flattop of about     100 ns. 
Kicker magnets are made of modules similar to those which have been designed at GSI for the SIS 18 extraction system (see Figure 35 ) and septum magnets have characteristics close to those of the 3 GeV proton RCS of  J-PARC [24].
Figure 34 shows the arrangement of the extraction magnets and the beam horizontal envelopes at injection and at extraction. Numbers (1, 2) mean that the first kicker is made of 2 modules and numbers (3, 4, 5) mean that the second is made of 3 modules. Numbers 6 to 8 indicate septum magnets.
Envelopes are calculated for total emittances (4 rms values) of 72.4 πμm.rad at injection and 22.2πμm.rad at extraction. Table 8 gives the required kicker and septum magnets parameters and Table 9 gives the characteristics of the kickers proposed by GSI.
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Figure 34.  Arrangement of extraction system and beam horizontal envelopes

(red line: injected beam, blue line: extracted beam) 

	Fast kickers (1 , 2) , (3,4,5)
	Deflection angle (mrad)
	(3),  (4.5)

	
	Maximum beam rigidity (T.m)
	14.47

	
	Rise time (ns)
	<800

	
	Pulse length (ns)
	>100

	
	Aperture width and height (cm)
	10,  8

	Septum magnets (6, 7, 8)
	Deflection angle (mrad)
	(20,  50,  80)

	
	Length (m)
	(0.6,  0.7,  0.9)

	
	Magnetic field (T)
	(0.482,  1.03,  1.29)


Table 8. Specifications for extraction kickers and septa

	GSI kickers characteristics
	

	Maximum rigidity (T.m)
	16.5

	 Total deflection angle (mrad)
	4.5 or 6

	Number of modules
	2 or 3

	Effective length of module (m)
	0.44

	Rise time (ns)
	700

	Pulse length (ns)
	200

	Aperture  width and height (cm)
	12, 8


Table 9. Characteristics of the GSI kickers
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Figure 35.  Kicker developed at GSI for the SIS 18 fast extraction system

Courtesy of Udo Blell,GSI
11. Main magnet design
This chapter summarizes the preliminary design of the main magnets needed for the RCS. Because of the high repetition rate, all magnets are of the traditional iron-dominated type with copper coils and laminated yokes fabricated by stacking thin iron plates in order to minimize eddy currents effects. Though it has to be optimized according to the CERN standards, a first configuration of excitation coils is proposed.
The magnetic characteristics have been modeled with the 2D-POISSON code [25] and the coil cooling requirements have been calculated with formulas given in [26] and [27].

It is assumed that dipoles and quadrupoles are powered independently by resonant circuits providing a biased sinusoidal excitation described by
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Imin and Imax being the excitation currents corresponding to the injection and extraction magnetic field respectively.
11.1 Bending dipoles
Main technical parameters of the dipole magnets are given in Table 10. 

C-type magnets have been selected because they afford easy extraction of Ne decay products. Furthermore, in order to simplify the construction, a rectangular geometry with parallel ends is proposed, the consequence is a small increase of the transverse aperture required for the sagitta which is 1.8 cm. Entrance and exit edges have a simple 45° chamfer to adjust the magnetic length to the physical length.
With the parameters listed in Table 10, the maximum number of ampere-turns required to obtain a field of 1.08 T at the end of the acceleration cycle is:
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Where Bmax is the magnetic field at extraction, e is the gap height, μ0 is the vacuum permeability and N is the total turn number for the 2 coils.

	Magnetic length (m)
	1.4 

	Bending radius (m)
	13.369

	Maximum magnetic field  (T)
	1.08 

	Gap height (m)
	0.1

	Transverse good field region (ΔB/B<5.10-4) (m)
	±0.05


Table 10. Dipole magnets main specifications
To meet these requirements, each coil consists of 25 turns of a 20x20 mm2 square conductor (stranded conductor, if necessary, that is composed of thin wires to reduce eddy current loss) with a water hole of 8 mm so that the maximum current density is close to 5 A/mm2. The pole profile and the dimensions of the return yoke have been determined to obtain a field uniformity better than 4.10-4 in the useful aperture.
Figure 36 shows the top half cross section calculated with POISSON 2D. Figures 37 and 38 show the field homogeneity in the median plane and the field profile at the magnet ends. Finally, a summary of the bending magnet parameters is given in Table 11.
[image: image59.jpg]15
1.0
5

(s*/\®) @duepiwe [eupnyibuo]

00

50

40

a0

20

10

Time (ms)




Figure 36 Cross section of the C-shaped dipoles
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Figure 37. Magnetic field homogeneity along the horizontal transverse axis
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Figure 38. End-field

	Maximum total number of ampere turns (A.t)
	85940 

	Maximum current (A)
	1719

	Minimum current (A)
	528.4 (He)         316.7 (Ne)

	DC current (A)
	1123.7 ( He)     1017.8 (Ne)

	AC peak current (A)
	595.2 (He)          701.1 (Ne)

	Coil turn number per pole
	25 

	Conductor dimensions (mm2)
	20x20

	Water hole diameter (mm)
	8

	Coil resistance (mΩ)
	10.9 (2coils)

	Magnet width (m)
	1.1

	Magnet height (m)
	1.15

	Magnet weight (t)
	11.5


Table 11.  Electrical and mechanical parameters of dipole magnets.
Finally, in order to estimate the cooling system requirements, the average dissipated power in the coils has been calculated with the effective current given by:
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Taking into account the water pressure drop admissible at CERN and an average thermal power dissipation of 15.7 kW per magnet, various cooling parameters have been proposed in reference [28]. 
11.2 Quadrupoles
The 48 quadrupoles of the RCS are divided into 2 families but have identical main characteristics which are given in Table 12.
	Magnetic length (m)
	0.4

	Bore diameter (m)
	0.12

	Maximum gradient (T/m)
	10.8


Table 12. Quadrupole specifications.

The quadrupole field is produced by four hyperbolic poles symmetrically arranged about a circular aperture of radius R= 6 cm which is determined by the beam stay clear requirements. This results in a conservative field of 0.65 T at the pole tip.

The pole width has been optimized to obtain a gradient homogeneity 
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 better than 10-3 in the useful aperture. 
One-eighth of the quadrupole cross section calculated with POISSON 2D is presented in Figure 39 and the relative gradient homogeneity along the transverse direction is shown in Figure 40.
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Figure 39. Cross-section of the quadrupole
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Figure 40. Gradient homogeneity along the horizontal transverse axis
Each coil consists of 30 turns of a 10x10 mm2 square conductor (stranded conductor, if necessary, that is composed of thin wires to reduce eddy current loss) with a water hole having a diameter of 5 mm.
The number of ampere-turns per coil required to obtain a gradient G = 10.8 T/m is:
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DC and AC currents, coils parameters and mechanical characteristics are given in Table 13.

	Maximum number of ampere turns per pole (A.t)
	15545 

	Maximum current (A)
	517.8

	Minimum current (A)
	  159 (He)         95.3 (Ne)

	DC current (A)
	338.4 ( He)     306.5 (Ne)

	AC peak current (A)
	179.4 (He)       217.3 (Ne)

	Coil turn number per pole
	30 

	Conductor dimensions (mm2)
	10x10

	Water hole diameter (mm)
	5

	Coil resistance (mΩ)
	34  (4coils)

	Magnet width (m)
	0.58

	Magnet height (m)
	0.58

	Magnet weight (t)
	0.67


Table 13. Electrical and mechanical parameters of quadrupoles.
Just as for dipoles, various possible characteristics of the cooling system have been proposed in [28].
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APPENDIX:   PARAMETER LIST
General parameters

	Injection energy
	100 MeV/u

	Extraction energy
	3.5 GeV eq. Proton

	Maximum rigidity
	14.47 T.m

	Ring circumference
	251.33 m

	Number of FODO cells
	24

	Superperiodicity
	3

	Repetition rate
	10 Hz

	Momentum compaction
	0.00349

	Transition gamma
	5.35

	Tunes (H, V)
	6.7    6.55

	Revolution time at injection
	1.95 μs

	Injection time
	50 μs

	RMS emittances at injection (H, V)
	18.11 pi.mm.mrad

9.69 pi.mm.mrad


RF system parameters

	Bunching time
	4 ms for He    3ms for Ne

	Acceleration time
	50 ms

	Maximum peak voltage
	100kV

	Harmonic number
	h=1

	Frequency swing
	0.51 to 1.12 MHz

	Maximum synchronous phase
	60° for He     72° for Ne

	Longitudinal emittance at injection
	0.22 eV.s for He     0.66 eV.s for Ne

	Longitudinal emittance at extraction
	0.61 eV.s for He     1.45 eV.s for Ne


Injection parameters

Incoming beam 

Optical parameters 
	Horizontal plane (matched to ring)
	Vertical plane (mismatched to ring)

	βx= 13.273 m
	βz= 14.7894 m

	αx= -2.1918
	αz= 0


Beam position and slope at injection point  

	Horizontal plane
	Vertical plane

	xinj  = 4.6 cm
	zinj  = 0.471 cm

	x’inj  = 7.6 mrad
	z’inj  = 0


Injection elements 

Injection line  
	Element
	Septum 1
	Septum 2
	Electrostatic deflector

	Deflection angle
	100 mrad
	230 mrad
	17. mrad

	Field 
	0.75 T
	1.27 T
	60 kV/cm

	Length
	0.6 m
	0.8 m
	1.6 m

	Horizontal aperture
	4. cm
	4. cm
	2. cm

	Vertical aperture
	4. cm
	4.cm
	3. cm


Injection bumpers 
	Number 
	2 (3)

	Maximum deflection angle
	4.15 mrad

	Number of turns for bump collapse
	40

	Horizontal aperture - Gap
	8.0 cm

	Vertical aperture - Gap
	7.0 cm


Extraction parameters

Fast kicker  
	Rigidity
	14.5 T.m

	Kick angle
	4.5 mrad (first kick)  6 mrad (second kick)

	Number of modules per kicker
	2 (first kicker)      3 (second kicker)

	Direction of kick angle
	horizontal


Module parameters  

	Rise time
	700 ns

	Pulse length
	200 ns

	Horizontal aperture– Gap
	10.0 cm

	Vertical aperture- Gap
	8.0 cm

	Length of ferrite of module
	36 cm

	Effective length of module
	44 cm

	Ferrite weight / module
	70.5 kg

	Field for deflecting the beam
	104 mT


Septum magnets 
	Deflection angle (mrad)
	(20,  50,  80)

	Length (m)
	(0.6,  0.7,  0.9)

	Magnetic field (T)
	(0.482,  1.03,  1.29)

	Horizontal aperture - Gap 
	5 cm

	Vertical aperture - Gap
	5 cm


Magnet parameters

Bending dipoles

	Number of dipoles
	60

	Magnetic length
	1.4 m

	Good field region
	± 5 cm (H)  ± 5 cm (V)  

	Bending radius
	13.369 m

	Magnetic field (He)
	0.199 – 1.08 T 

	Magnetic field (Ne)
	0.332 – 1.08 T 

	Gap height
	10 cm

	Maximum Ampere-turn
	85940 A.t

	Magnet cycle
	Biased sinusoidal ramp

	Maximum current
	1719 A

	Minimum current
	528.4 A for He  316.7 A for Ne

	IDC DC current
	1123.7 A for He  1017.8 A for Ne

	IAC AC peak current
	595.2 A for He  701.1 A for Ne

	Number of turns (2 coils)
	2*25

	Size of the squared conductor
	20*20 mm

	Cooling hole diameter
	8 mm

	Number of cooling system
	1 per coil

	Resistance (2 coils)
	10.9 mΩ

	Yoke weight
	11 t

	Coil weight
	0.36 t


Quadrupoles

	Number of quadrupoles
	48

	Length
	0.4 m

	Bore radius
	0.06 m

	Maximum gradient
	10.825 T/m

	Maximum Ampere-turn/ coil
	15545 A.t 

	Maximum current
	517.8 A 

	Minimum current
	159 A for He  95.25 A for Ne

	IDC DC current
	338.4 A for He  306.52 A for Ne

	IAC AC peak current
	179.4 for He  211.27 A for Ne

	Number of turns (4 coils)
	4*30

	Size of the squared conductor
	10*10 mm

	Cooling hole diameter
	5 mm

	Number of cooling system
	1 per coil

	Resistance
	34.04 mΩ per quad

	Yoke weight
	0.525 t

	Coil weight
	0.146 t per quad


Sextupoles

	Number of sextupoles 
	27

	Maximum strength
	25 T/m²

	Maximum Ampères-turn / coil
	1432.4 A.t

	Magnetic length
	0.15 m

	Bore radius
	0.06 m


Correction dipoles
	Number of correctors  
	39

	Magnetic length
	0.15 m

	Maximum field
	0.04 T

	Horizontal aperture - Gap
	8.0 cm

	Vertical aperture - Gap
	10.0 cm
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