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Abstract. The papa discusr tlie issues. tlie cmisequaices and the methods for soiiholIing the edge effects cnubed by particles 
entering and leaving magnets with Imajectories at non-vanishing angles with the edges in FFAG accelerators made of hiCkn- 

Scol1ng Lutticus. 
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PARTICLE TRAJECTORIES IN A NON-SCALING FFAG LATTICE 

Particles circiilating in a Fised-Field A ~ ~ e ~ i a t k i ~ - G ~ d i e n ~  (FFAG) accelemtor, made of a A4m-Scnhg Lutfic~? 
composed of a periodic seqttence of FDF tripleks of sector niag,nets, have trajectories that are not parallel to each 
otlier [I]. With the possible excqtion of one, the reference trqjeetory:: all particles travel tlrough regions iu the 
magnets .;Vifh .crarJ.kig Geld, longihidkidly aid transver&ly, and their trajectories are not made of arcs of circles. 
The Lore& condition e& = pc is of course always satiskd, hut locally as the particle momentum p is cans&nt, 
moving in a region of varying field B will came the pa& to adjust also by varying the bending radius r locally and 
accordingly. 

In the case tlie niagiiets of tlie FDF triplets are sector magnets with adjacent entrance aiid exit planes parallel to 
each other, traje&ries are then hound to leave and to enter the edges oftfie niagnets at a sribstantially nnn-vanishing 
angles. Figure 1 gives m illustration of fhe situation with two e~treme tmjectories shown. The injection trajtxtory. 
taken hae  also as the reference trajectory. is the only one that is made precisely of arcs of circle, &d moreova 
enterdleaves magnet at zero angle with &e edges. As otie mcives away from the refamce orbit, trajectories of 
particles with lmger nioiiienttun values distort significantly from pure arcs of circles. Moreover the eiitrance/exit 
angles also increase with tlie particle momentum. 

On the other end it is well ktiown that in FFAG accelerators with Scalitzg Lrifticrs all trajectories are essentially 
parallel to each other and tlic trajectories enter and leave magnets 
edges always at zero angle. 
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EUMPLE OF THE 1 -5-GEV FFAG INJECTOR 
\ L, ', i i  i 1 Trajectory TO Bh%-AGS I i 1% 

: '< . ,;-A. - . j  ' 
/'( , I ! .! /T ---- A iVott-Sca&tg Lattice tvas receiitlv cousidered for the design of 

Ihe I .5-GeV FFAG accetaator proposed [Z, 31 as. a new iqiector 
to the Brookhaven Natioiial Laboratory (Em) Alteniathg- 
Gradient Synclwotron (AGS). The lattice was designed with fo~n  
rules 113 that were devised to ~ontrol tlie chromatic behavior and 
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HGURE 1. The FFAG FDF Period with 
inject. (Reference) and Extract. Orbits 
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to reduce &e magnet physical aperture. In particnlar, one rule requires the appficatioii of the Adjnsted Field Projile 
[a] that is liighly non-hear along the length and the across the width of: the iuagnets. Figure 2 shows the bundle of 
trajectories with kinetic energies ranging fi.0111 400 MeV (the referemelinjection trajectory) aiid 1.5 GeV across tlie 
lengtli of half of tlie triplet period. It i s  seen that whereas the injection trajectory is indeed made of arcs of circle 
(rectified!), tlie other trajectories have not a c i rcuh  shape. Moreover: whereas the reference trajectory enters and 
leaves magnet at zero angle, the other trajectories fonii angles with the niagnet edges that increase with tlie particle 
monientuin. Leaving andlor entering a magnet at an angle with Hie edges creaks locally a focusing/defocusing effect 
on the particle motion. If the edge effect is not taken into accouni the (fractional) betatron hines are as shown in Fig. 
4 across the momenlum aperhue. Because of the application of Uie ,'l&trsted Field Pmfile d e ,  the vertical hme is 
essentially .flat, xvlmeas there is a variation in tlic liorizoiital tune due to the residual focasing effect of the trajectory 
curvatare. Nevertheless the picture will clmge when tlie edge effecb are properly talcen into acconnt. %e erke 
angles are given by the space derivative of the closed orbit G~ =ant% are displayed in Fig. 3. 
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IiIGcTRE 2. Trajectories for different momenta 
along half the length ofa period. 
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FIGT_" 3. Trajectory angles for different momenta 
along half tlle length of a period. 

ESTIMATE OF THE EDGE EFFECTS 

In Uie slnarp-edge approximation the edge effect is represented by the following set of kicks in correspondence of 
each edge crossing (Ax = Ay = 0 )  

where K; is the edge a~igle as derived by inspatkm of Fig. 3, r is the curvattire radius aiid B the bending field st the 
edge location of the ~trdicle. Both P aid B cIearly depend on the acttial locatio~i xco. 
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FIGURE 3. Fractional Retaron Tunes versus monizntuni FIGURE 5. Fractional Ratt~ron Tulles versus inomenturn 
without Edge Effect. with Edge Effect hicluded. 



In our notation p = pocl + b), and po is the reference momentum taken here to correspond to injection ( S  = 0 1. 
Also. accordhnp to the usual convention, a zero edge angle corresponds to the particle trajcctor) entering or leaving 
p ~ J ? ~ e ~ i d ~ c ~ i ~ ~ ~ v  with magnet &e in qmstion. 

The edge effect is introduced wiUi an iteration procedure Uiat is repeated uiztil a satisfactory converging ~ o l ~ t i o n  
is found. The result is shown in Fig. 5 that shows the iiew betatron tunes across the nmiieiitum range of 
acceleration. USLBU~ on$. few itmarations are needed to achieve convergence. It is seen that the betatron tune plots 
are sigi$icmitly distorted ni both planes. Fortunately, hi this case, tile variation across the ii~omentu~ii aperture is no 
nioE than 0.1 ~ and thus acceptable. 

CONCLUSIONS 

To control the edge effect in n FFAG accelerator with Non-Scaling Lattice is imporkml to minimize the entrance 
and exit angles s,:. In turn this is achieved with reducing the dispersion, that is the off-n~ornentuiii closed orbit sCw 
Since the dipasion increases about linearly witli tlie s p r e  of the bending pa period (a triplet), tLis can be 
achieved with a ring circumference as large as possible and a large peiiodicity. That in particular constitutes the 4" 
rule [I] devised for the design of a FFAG lattice. 
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