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1.  Introduction

The goal of this exercise is to design the basic lattice of the 8 GeV ring so that reliable cost estimates can be performed based on the necessary ring components as well as the civil engineering requirements.  Of more than a dozen lattice structures that have been studied, two lattices are chosen as viable candidates of the final choice.  One is of a triangular shape with quadrupole doublets as the basic components together with twenty-four dipoles and forty-five sextupoles.  The other is a modified FODO type structure of a racetrack shape.  There are thirty-two dipoles and the equal number of sextupoles for this lattice.


Since the primary purpose is a cost estimate of the basic structure, no attempt has been made to design systems such as injection, collimation, extraction or closed orbit correction.  Study of robustness or analyses of possible resonances, albeit essential for a complete design of a ring, are regarded as something outside the scope of this exercise.  It should be noted, however, that there are no obvious shortcomings, except for those specifically discussed in this note, in either candidate.


One major uncertainty in the design has been the tune spread within a bunch due to space charge, and the related question of how much separation is needed between the horizontal and vertical tunes.  The tune spread within a bunch, in contrast to the maximum tune shift, is not an easy quantity to evaluate.  In addition to the charge distribution in the transverse phase space, which will be determined by the injection painting process, it will depend on the longitudinal charge distribution as well.  It is commonly believed that tunes in the two transverse directions must not be too close in order to avoid the nonlinear space charge resonance  2νx - 2νy = 0 , but the question of how much is not well established.  Although conventional choice at present seems to be one unit or more, only one-half is assumed for the racetrack lattice.


It is of course desirable to have a capability of achieving higher energy than the minimum value of 8 GeV (kinetic energy) within the constraints, which are discussed in detail in the next section.  This has been tried for a racetrack ring of 10 GeV but with a reduction of the total free space slot length by some 25% compared with the 8 GeV lattice.  The maximum value of dispersion function is also increased, from 3.56m to 4.08m.  Although the higher energy is certainly attractive, this lattice was not included as a candidate.  Many features of lattices that have been studied so far can be found in TM-            by A. Drozhdin.

2.  Constraints and Requirements
There are a number of constraints and requirements to be observed by a candidate for this ring with varying degrees of importance. 


(a)  Circumference should be the same as Booster, that is,  474.20 m.  


(b)  Beam emittance after painting at injection kinetic energy of 400 MeV is 60π mm-mr.  (At 400 MeV, the normalized and the real emittance happen to be almost identical.)  For an ideal machine without any closed orbit deviation or magnet errors, the dynamic aperture (with no constraint in physical aperture) should be at least twice as large.  Since the only nonlinear elements in the machine are the chromaticity correcting sextupoles, this constraint applies to the sextupole system.  For the triangular doublet lattice, it is necessary to reduce the sextupole strength to 60% of the ideal value in order to satisfy this requirement.  Resulting chromaticity is –4.6 in the horizontal direction and –4.0 in the vertical direction.  Whether this is still acceptable or not must be studied later.


(c)  The maximum bend field and the maximum quadrupole gradient should be no higher than 1.5T and 8.75T/m, respectively.  Beyond these limits, the field quality deteriorates rapidly and the increase in cost becomes substantial. 


(d)  Gap between a dipole and a quadrupole should be at least 80cm.  This is a requirement from the vacuum system.  Gap between adjacent quadrupoles and between a quadrupole and a sextupole should also be reasonable.  At present, 50cm and 30cm respectively are taken for both lattice candidates.


(e)  Transition energy should be comfortably above the extraction energy.  This means  γt >> 9.5 (γ at 8 GeV).  For the triangular doublet lattice, γt is 17.9 and for the racetrack lattice, it is 19.1.  These high values are achieved by removing a dipole from the middle cell of three-cell modules in arcs.  Ordinary FODO lattices with no missing dipoles have been tried but failed to satisfy this requirement.


(f)  There should be adequate free space slots with zero dispersion.  These slots are for rf cavities, collimation, injection and extraction systems.  Because of the particular choice of horizontal phase advance, 270 degrees per module, this may not be necessary for rf cavity locations in order to avoid synchro-betatron resonances, at least in the lowest order approximation.  For the doublet lattice, rf cavities may have to be installed within arcs where dispersion is one to two meters.  In this lattice, there are only nine free space slots of 7.2m each within three long straights, which will not be enough to include 18 to 20 cavities.  Each cavity will occupy a slot of 2.2m.  In arcs, however, there are twelve slots of 6m each.  In the racetrack lattice, there are altogether 24 slots of approximately 7 m long.  On the other hand, the collimation system may have to be installed upstream of rf cavities, a situation that may not be so practical.

There are two ways to create zero-dispersion straight section connected to an arc with finite dispersion.  One is to have a special dispersion suppressor section with either shorter dipoles or missing dipoles, and the other is to have a horizontal phase advance of an integer multiple of (2π) in the arc which forces the dispersion to be zero at both ends.  As any dispersion suppressor will decrease the packing factor of the ring, the second scheme has been used in both candidates.  Furthermore, phase advance between sextupole groups in adjacent module must be such that the higher order effect cancels out in each arc.  Four-modules-per-arc with 270 degrees and five-modules-per-arc with 288 degrees have been tried for the racetrack.  Four-modules-per-arc has been found to be better because of its longer straight sections.  For the doublet lattice, only four-modules- per-arc has been investigated so far.


(g)  Linear optical parameters betas and dispersion should be reasonable.  For a given beam emittance and momentum spread, they determine the linear beam size.  For example, at injection with emittance 60π mm-mr, the beam size will be 8.5cm for β = 30m.  At the extraction, emittance will be down by almost an order of magnitude, 6.4π mm-mr ignoring possible emittance dilution.  If a bunch rotation is required to reduce the bunch length just before the extraction, the beam size will be dominated by the enlarged momentum spread.  For example, for ± 1.5% in  Δp/p, the beam size will be 9cm with 3m dispersion.

In general, smaller values of betas and dispersions are always desirable except for one complication.  For a given amount of chromaticity corrections, the required sextupole strength B" is inversely proportional to the product of dispersion and betas (actually the difference of horizontal and vertical betas) at the sextupole location.  For small values of betas and dispersions, the required magnitude of B" may severely limit the dynamic aperture because of the higher order effects.  This is precisely the situation for the doublet lattice.




         Doublet lattice                  Racetrack FODO
natural chromaicities         -11.6/-10.1                           -14.1/-12.1

max. betas in arcs              14.1m/14.1m                       24.0m/21.3m

max. dispersion                       2.27m                                  3.56m

required B" for zero             64.3 T/m2  (12)                    27.6 T/m2 (16)

chromaticities(*)                -57.9 T/m2  (33)                   -41.0 T/m2 (16)

(*) Sextupole length of 30cm is assumed for all cases.

For the doublet lattice, the situation is exacerbated by the fact that the vertical phase advance per module (155 degrees) is far from the ideal 270 degrees.  An attempt has been made to rectify this by introducing multiple families of vertical sextupoles but it did not produce any meaningful improvements.

3.  Remarks
A particularly attractive feature of the doublet lattice is that it requires only one type of dipoles and two types of quadrupoles.  In comparison, the racetrack FODO lattice requires two types of dipoles and five types of quadrupoles.  Both must include a number of trim quadrupoles or shunts for tunability.  Dynamic aperture definitely favors the racetrack lattice but the collimation section may have to be placed upstream of rf cavities.  As for the necessity to reduce the sextupole strength in the doublet lattice, the final answer will depend on how much momentum spread will result from the bunch rotation.  In the absence of bunch rotation, a sizable chromaticity may still be troublesome if the beam loss during extraction depends strongly on tunes.  Finally, if the need for energies higher than 8 GeV is acute, a racetrack lattice exists and it should be included as a candidate for further consideration.
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