June 1996� Work supported by DOE contract DE-AC03-76SF00515Submitted to Europe Particle Accelerator Conference, Sitges, Spain, June 10-14, 1996CORRECT CHROMATICITIES OF CIRCULAR ACCELERATORSWITHOUT SEXTUPOLES�Tong Chen, Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309AbstractA new method of correcting chromaticities ofcircular accelerators is introduced. Instead of usingtwo families of sextupoles, as the standard way tocorrect chromaticities, two pairs of TM210 mode RFcavities are used. The betatron phase advances (bothhorizontal and vertical) between the two cavities areset to be a multiple of p, and a proper momentumcompaction is required. With this method, sextupolenonlinear terms are eliminated. There are octupoleterms left by this method. However, they are explicitand should be easy to compensate. An example latticedemonstrates the method. The power required for theRF cavities is estimated.1˚˚INTRODUCTIONThe chromaticity of circular accelerators representsthe betatron oscillation frequency change due to theparticle relative momentum deviation. It results fromthe quadrupole strength varing according to differentparticle momentum. To cure the chromaticity, thestandard method is to introduce sextupoles in adispersive region, that give additional focussing toparticles with different momentum.The side effect of using sextupoles to correctchromaticity is the introduction of nonlinearities in theaccelerator. The development of modern storage rings,such as light sources, damping rings and heavy quarkfactories, diamonds even smaller emittances. Thisrequires stronger focussing, which results in higherchromaticities. To correct the chromaticities, strongersextupoles are required. Therefore, the strongernonlinearity is introduced to the storage ring.This paper introduces another method to correctchromaticities. Instead of using sextupoles, quadrupole(TM210 mode) RF cavities are employed. With thismethod, no sextupole terms are introduced. There aresome octupole and coupling terms left, but they areeasily calculated and should be easy to compensate.2˚˚THE FIELD AND EFFECT OF TM210MODE CAVITYThe electro-magnetic field can be solved foranalytically for a cylindrical cavity with radius R andlength d. For the TM210 mode, we haveES = -U0a22d

(x2-y2) (1)BX = -U0a2c˚d y s(2)By = -U0a2c˚d x s(3)in which, U0 is the transverse kicking field,a2=5.136/R, and c is the speed of light.Here, a linear approximation is applied, assumingthe bunch length is much shorter than the wave lengthof the cavity, and particles are near axis.Thus, the changes to the variables are:Dx’ = -eU0a2ES x s = -2K x s(4)Dy’ = eU0a2ES y s = 2K x s(5)Dd = -eU0a22ES

(x2-y2) = -K(x2-y2)(6)where K=eU0a22ES

, Es is the beam energy. From this,we can find the second order transfer matrix (usingTRANSPORT[1] convention) elements:T215 = T251 =-K (7)T435 = T453 =K (8)T611 = -K (9)T633 = K (10)Therefore, the TM210 cavity can be included inbeam line as a symplectic second order matrix.3˚˚THE CHROMATICITY CORRECTIONSCHEMETo correct chromaticity, a quadrupole field with astrength proportional to the particle momentum isrequired. As shown in previous section (eq. 4, 5), theTM210 cavity provides the quadrupole field with astrength proportional to the particle longitudinalposition. Therefore, a special lattice arrangement isdesigned to achieve the proper effect.We consider two TM210 cavities located at eachend of a section of lattice with horizontal and verticalphase advance odd multiples of p, and a reasonablevalue of momentum compaction factor. The twocavities have identical field strength but 180ß out ofphase, i.e., the first cavity has a strength K, as definedin previous section, while the other cavity has astrength of -K. The transform through the lattice canbe found as follows:After the first cavity:

2x1 = x0^{x1' = x0' − 2Kx0s0}

y1 = y0 y1' = y0' +2Ky0s0 s1 = s0 δ1 = δ0 + K(x02 − y02 )(11)Then, going through the arc:

x2x2'y2

y2's2δ2 = − 1 0 0 0 0 0 0 − 1 0 0 0 0 0 0 − 1 0 0 0 0 0 0 − 1 0 0 0 0 0 0 1 − L 0 0 0 0 0 1 x1x1'y1

y1's1δ1 = − x0 − x0' +2Kx0s0 − y0 − y0' − 2Ky0s0 s0 − KL(x02 − y02) δ0 + K(x02 − y02)

(12)where L is the product of momentum compactionfactor and the orbit length. Finally, apply the secondcavity:

x3 = − x0 x3' = − x0' − 2KLx0δ0 − 2K2L(x03 − x0y02) y3 = − y0 y3' = − y0' +2KLy0δ0 +2K2L(x02y0 − y03) s3 = s0 − Lδ0 − KL(x02 − y02) δ3 = δ0

(13)Notice that at the end of the lattice, we obtainedthe terms we wanted�

− 2KLx0δ0

and

2KLy0δ0

.They are quadrupole terms with a strength proportionalto momentum.The quadrupole terms result in a tune change by

ΔQx = − βx4π 2KLδ0 ΔQy = βy4π 2KLδ0

(14)Therefore, we have the following corrections tochromaticities:

Qx' = dQxdδ = − βxKL2π Qy' = dQydδ = βyKL2π

(15)To properly correct chromaticities in bothdirections, two pairs of the cavities are necessary. Onepair is located at large bx location and the other pair islocated at large by. This is similar to the use of twofamilies of sextupoles to correct both chromaticities.The design makes chromatic correction possible bytaking advantage of momentum compaction in the arc.The quadrupole mode cavity provides a quadrupolefield with a strength varying with the longitudinalposition, while we need a quadrupole field withstrength varying with the momentum. Therefore, thelattice is designed to cancel the quadrupole effects ofthe two cavities. However, due to the momentumcompaction effect of the bending magnets in the arc,particle’s longitudinal positions have been changedwhen they move from the first cavity to the second.This change results in partial cancellation of the kicks,and what is left is just we want for the chromaticitycorrection because the change is proportional to theparticle momentum.4˚˚AN EXAMPLETo demonstrate this chromaticity correctionmethod, a storage ring with the TM210 c a v i t i e s i s designed. The l a t t i c e is e s s e n t i a l l y the s a m e as t h e synchrotron light source HiSOR at Hiroshima[2]. T h e reason for choosing this l a t t i c e is that its p a r a m e t e r s are just right for implementing this concept. HiSOR i s a 1.5 GeV e l e c t r o n storage ring. The n a t u r a l c h r o m a t i c i t i e s are -11.01 and -7.75 r e s p e c t i v e l y forhorizontal and v e r t i c a l directions. The m o m e n t u m compaction factor is 0.0118.

3 H correction (mH=7p)

V correction (mV=3p)

TM210 cavities

Figure 1. The lattice layout and machine functions.HiSOR consists of six superperiods. In eachsuperperiod, the horizontal phase advance is 1.75p andthe vertical phase advance is 0.75p. By choosing foursuperperiods as the arc, the horizontal and verticalphase advances are 7p and 3p, respectively. Thissatisfies the -I transfer matrices condition.Two pairs of TM210 c a v i t i e s are inserted in t h e l a t t i c e , both s p a c e d by four superperiods. One pair i s put at the beginning of one superperiod, where high bxhelps horizontal chromaticity correction. The otherpair is located next to a vertical focussing quadrupoleto provide correction for the vertical chromaticity.Because the storage ring has only six superperiods andthe arc needs four superperiods, the two pairs ofcavities are interleaved. Figure 1 shows the latticeand machine functions.Lattice optics calculation is done with MAD[3].The original sextupoles are turned off. The TM210cavities are entered as arbitrary matrix elements,giving the second order matrix elements according toeq. (7)-(10). Two variables, KH , the strength of t h e first pair c a v i t i e s , and KV, the strength of the secondpair cavities, are adjusted to make both chromaticitieszero. The solution is KH =4.383, K V=-4.238.5˚˚DISCUSSIONIn the previous section, calculation hasdemonstrated the new method of chromaticitycorrection. Instead of using 24 sextupoles in theoriginal design, four RF cavities have effectively thesame function at second order.The new method not only physically removes allthe sextupole magnets, but also the sextupolecomponents and the associated higher order terms fromthe sextupoles. However, this method is notnonlinearity-free. As one can see in eq. (13), there areextra terms,

x3' ~ − 2K2L(x03 − x0y02) and

y3' ~ 2K2L(x02y0 − y03)

, created by this scheme. Theyare octupole terms. How strong they are in comparisonwith the crossing terms of sextupoles and what theconsequences are in terms of beam dynamics is nottransparent, because they strongly depend on latticedesigns. In any case, the new method gives clear,single magnet terms, that are easy to model, and canbe compensated by putting an actual octupole with aninverted field strength right next to the second cavity.Meanwhile, because of the removal of the sextupoles,the problems associated with misalignment will bedramatically reduced too.Another extra term in eq. (13) is

s3 ~ − KL(x02 − y02)

. It introduces synchro-betatroncoupling, primarily exciting 2Qx/y–Qs familyresonances. It also changes radiation dampingproperties. If the storage ring does not operate nearthose resonances, this term may not have significanteffects on the machine performance.One important issue is the RF power required forthe cavities. It is obvious that there won’t be muchpower going into the beam, and the amount depends onthe beam sizes. For a round beam profile at thecavity, for example, the power into the beam is zero.The most power needed is to build up the field, whichcould be high, depending on the lattice. In this case, asuperconducting cavity is ideal. In principle, such asuperconducting cavity can be built. However, to theauthor’s knowledge, no experimental work has beendone for such cavities yet.There has been some design work for roomtemperature TM210 cavities[4]. Using such ac o n v e n t i o n a l c a v i t y , the major concern is the powerd i s s i p a t e d on the c a v i t y walls when a high field i s e s t a b l i s h e d inside. It could demand huge amount ofpower from the RF source.Govil et al. [4] defined R/Q in terms of the energy D W transfered to a particle off-axis a specifieddistance r0 , and the power d i s s i p a t e d in the w a l l s , Ploss , as:

RQ = (ΔW)2 Ploss

. D W is related to theconstant K of interest for this work according to

ΔW = Kr02Ebeam

.Combining these two relations one can determine thesteady state power required for CW operation, Ploss , . Ref. 4 considered a number of designs a n d c a l c u l a t e d R/Q for 0=2mm. A t y p i c a l design h a s R / Q ~ 1 k W at 2856MHz, and a beam passing apertureof 1cm diameter. This corresponds to 690kW in the

4HiSOR example. Thsi power requirement can bereduced by using multicell cavities.Another approach is to design the lattice from thestart with this technique in mind. A larger momentumcompaction factor, a longer path length, a higher b-function at the cavities will help to reduce the power.For instance, the power estimated for SPEAR is muchless. Suppose we take half of the SPEAR ring to placea pair of the cavities to correct the half of thechromaticity. We have Ebeam =3 GeV, b=20 m,a=0.04, and orbit path length is 100 m. To correct achromaticity of -5, we need K=0.4. Therefore, evenusing single cell, the dissipated power is 23 kW. Thisis much easier to achieve and more economical.An optimized cavity design which provides a highershunt impedence can also reduce the powerrequirement. Certainly, a better answer may be theuse of superconducting cavity.6˚˚ACKNOWLEDGEMENTAuthor would like to sincerely thank ProfessorDavid Whittum for introducing the TM210 mode cavityto me and many discussions, which are e s s e n t i a l contributions to the work. Author also want to t h a n k Professor R. S i e m a n n and Dr.J. Irwin for d i s c u s s i o n s a n d e n c o u r a g e m e n t . REFERENCES[1]K. L. Brown and F. Rothacker, SLAC-91(1977).[2]J. B. Murphy, Synchrotron light source data book,AIP Conf. Proc. no. 249, (1992), 1939.[3]H. Grote and F. C. Islin, The MAD Program,CERN/SL/90-13(AP), 1994.[4] R. Govil, et. al., Design of rf conditioner cavities,Nucl. Instr. Meth. A331 (1993), 335