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Design Criteria of a Proton FFAG Accelerator 

Alessmdro G. Ruggiem 

Abstract. There me two major issues that are to be con&onted in tiis design of a Fixed-Field Altematkig-Gradient (FFAG) 
accdzrator, namely: (i) the stability ofinofion over tlie large tnomenfmn r.ange needed for the beam accelzrationl and (ii) &e 
compachiess ofthe trajectories over the sane momn%ftm range to lii& llie dunensions offlie inagiets, T ~ G  are a numbzr of 

nrles ihat need to he followed to resolve these issues. In particular. the magnet arrangement in fIi3 accelerator hirice and the 
distribution of the benduil:_ and focusing fields are to be set properly in acccxdaiiee with these rubs. In this rqort we descrike 
four of  fliese rules thatouglit to be applied for tlie optimum design of a FFAG accelaatur. especially in the case of proton 
beams. 

IGqwords: FF.4G Accelerators, Bemi Dynamics. Proton Beans, h,lagnet Fidd 
P A C 3  29.21)-c 

FEATURES OF THE FFAG ACCELERATORS 

The inah feahire of the FFAG accelerators is that tliq are essentially based on c.onventiona1 room-teinperature 
magnet technology witli constant field. As the beam is accelerated by RF cavities, its trajectory spirals from an inner 
orbit where injection occ.im toward ai outer orbit from ivhic.h We heam is exkacted. The radial epitension of 
trajectories is entirely codnied ~\<tliin the magnet aperture, aiid the field does not need then to be ramped neither for 
bending nor for focusing. 

In principle> this mode of operation requires a large momerttuni excmsion that. for instance from200'MeV to 1.0 
GeV or &om 1011 MeV to I .5 GeV is about *40% around the central momentum value. To avoid that the monienhim 
range gets exceedduigly too large, FFAG accelerators require a relative large injection energy, of few hundred MeV. 
We shall not here been concerned with the nabre ofthc injector, and simpbj assume that there is one with the proper 
energy. 

Another feature of the FFAG accelerator is the use of magnets with combined fiiiiction for s imdheous bending 
and fociislsipg. The field prqfiZe is not coilstant bnt varies across the magnet width and may vary from maLgxt to 
magnet., Moreover, the bending aid tlie focusing alternate providing strong focusing and a more compact 
niamqnpm aperture when compared to cyclotrons. Nevertheless tlie revase benclmg subtracts from the total 
bendiggjncreasiug the cimimfereiice of the ring. 

Different Qpes of magnet lattice coniigmation haw been proposed and investigated, namely: FODO, Doublets, 
and Triplets [l]. Eut &e Triplets have been found to be the most advautageous, especially iu the FDF Collfiguration 

Finally, thong1 fl ere is some freedom in choosing the magnet edge configuration and tlie relative orientation of 
the niagnets with rgspect to each atlier, we shall only consider liere the case that the magnets are combined-function 
sector magnets .Nith the exit plane of one parallel to ffie entrance plane of tlie nest. For a certain referaice 
monienturn PO, to be chosen convmienffy, ffie entrance and exit angles tlie correspondiiig referaice trajectory niakres 
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~4th each magnet vanish. Essentially, Uie FFAG accelerator is made of a sequence ol' identical periods of triplets as 
tlie one shom in Fig. 1. 

EQUATIONS OF MOTION rN THE FFAG ACCELERATOR 

After a complete kieaiization, the equations of motioii in a periodic alteiiiating sequence of bending and 
focusing are 

-- 
/ ;-- where s and y are respectively the radial aid the ~ e r t j ~ a i  <--- --- 

displacement of m y  particle with monienttun p = pa ( I  i- 6) from the 
reference trajectory with momenttim po. A prime denotes derivative 

trajectory. The cnrvature of the trajectoq is mdicated bv h (the 
mverse of tlie radius of cmrvcture) that is zero ~tl the &i€t regions 
joining magnets, and otlimvise constant witlbi a magnet, though it 
can change sign and magnitude from maguet to magnet. Thus in 
general h = h(sr. The focusing is expressed by tlie field index n = n(si 
that also may vary both in sign and magnitude coni magnet to 
magnet The k l d  index is related to the local fjeld E and gradient 
d.R/dr by ln = dE / Edr. Since we are ass~uning a planar motion with 
no vertical bending, there is dispersion m the horzontal plme 
represented by tlie term at the r h. side of Eq. (l), but not ai tlie 
vertical plane. 

The stability of motion is determined by the phase advmce per 
penod that is given hj the focusbig parameter averaged 017er one penod" 
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with respect to tlie pa& length s iiirasmed along tlie refemice \ i : '  ) 
i 

\ $ 1  
4 ' 1  

FIGEWE 1. The FFAG FDF Period and 
IitjeGtion Oihit 

K = l ?n / ( l  + a) ( 3 )  

Figwe 2 is tlie plot of the expected 
phase adi~ance per period versus the 
momenntuni deviatxoii ti, assllmig tliat h 
md n t.hen15dVe~ are not functions of b. We 
dsphy r? large inoinaituni range of *50% 
around the cmiral niotnentxm value taken 
also 31s the reference momentmi. Ustiall> 
oiie chooses parameters so that tlie phase 
advaice per period is dose to 90" at b = 0. 

73 But inspection of Eq. ( 3 )  shows that 
approacliuig b - -0.5 the phase advance 
doubies to 180" and the motioii reaches a 58 

'--%e hitut of stability. At the other end i3 - +O 5 
&e phase advance is lowred to around 60". 
The motion is stable but in the meantime 
the lattice fiinchons and betatron tunes 

FIGURE 2. Phase Advance across :I Pciiod vs. momentum devi&tlon 6 have varied significantly. Thus when 
tuning the accelerator in the middle of tlie 

momentum range the largest stable spread that one can exyect IS *SO% 
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* In the liorizontal plane there is an e?sa focusing term due to the curvature ofthe reference trajectory. It is nmtlly 
sinall: and may be relevant only in rings with small cir~umfermce and l ~ ~ ~ r ~ r ~ o ~ i c i ~ .  



Rule # 1. A first major: though trivial, suggestion is to tune the FFAG triplet period at the lowver monilentiim 
value so that the phase advance is about 90-100". With conshit 11 and 11 then the phase advance drops to about 30' at 
&e Inrge inomentuni end, as shown by tlie lower curve of Fig. 2. Tlie motion is always stable but the lattice 
fiuictions still vary considerably froni one aid to the otlier. The desire would be to h d  a way to inaintah the lattice 
ftuictions and the betatron tunes constant over the tvliole niomeiitum range €or instance as &own by tlie continuous 
line ofFig. 2. 

Rule # 2. Tlte second recoininendation is to use the FDF arrangement oftlie triplets [2] since this, as it was well 
known froni tlie lattice studies of deckon storage rings for the production of synchrotron radiation, yields a 
considerable lower dispersion when compared to the DFD triplet, and thus a more compact spread oftrajectories and 
smaller magnet width. At the same time most of the bending ought. to he done by the central D magnef while the 
two F magnets at the ends of the triplet prat.ide reverse bending, t h t  is luve the polarity inyerted with respect to 
that ofthe D magnet. 

The major concern of auY type of FFAG accelerator is the v-aiation ofthe betatron tunes and functions that can 
be exceediuigly too large for the required monientum range. There xe two methods to rdnce aid to control such 
large tune variation. 

SCALING FFAG LATTICE 

One method is the use of the so-called Scaling FE4G Latcice. hispection of Eq.s [I aid 2) shows tliat the 
momentum depmdence is at the denominatox of the focusing and dispersion parameters. It is possible to conceive a 
geometrical arrangement of trajectories so that the inomentrim dependence is absorbed by the cmvatuue 11. Indeed 
Eq.s (1 and 2) are a particular form of the qmtions of motion for a particle with electric charge y and momentum p 

where again the derivative is with respect to the path length s of the actrial trajectors; tvith curvature h. B, and E, are 
respectively the radial and vertical components ofthe guiding magnetic field. The Lorentz condition iiiiposes that at 
any location 

qB/pc  = I / r  

wliere r is the local radius of curvature of the particle \vi81 momentum p at !&e location where the belldkg field is 
By With an arbitrary origin corresponding to the curvature h = 1 I ro, we can assunie that E, is a fwiction of r, and 
that by oxpailsion 

R, = BE1 + ( r - r ~ , ) & / B d r ]  (6) 

Tlien Eq. ( 3 )  becomes 

sf' = q B ( 1  + hs) /pc  + q(dB/dr)s /pc (7) 

w<th z = r - ro, aid we haw neglected a higher order term in XI. Neglecting also the contribution of the curvature 
temi ~ L Y ~  the focusing parameter is then 

K = (rdB/Bdr)/r '  (81 

If one requires IC to be independent of location and of particle moinenttim, then the field index 

n = - r d E / B d r  m 
Is coilstant across the momentum (radial) aperture. The corresponding &ell profile is then 



B = Bo {r/rO)-" 

A lattice made of sector magnets with this profile is called a 
Scali+zg Lattice. The trajectory of any particle with ~nomentLun p is 
an arc of circle with radius r on which the bending ikld is given 
according to the Lorentz condition Eq. ( 5 )  all along the length of the 
magnet. An exaniple of trajectories in a triplet 'arrangeineat is 
displayed in Fig. 3. with only half period shown. As one c n i  see the 
trajectories are truly yarrrllel to each otlier, with entrance and exit 
angle always vanishing independently of tlieir momentum value. Of 
course the same profile is to be adopted in both F and D rnagnebtsz 
though the bending field B, &e radius of curvature ro, and tlie tkld 
index n are diffaerit in magnitude and sign. h e  can easily 
demoxistrate that this cbnfiguration works only with a DFD triplet, 
and L I S ~ &  requires large .&Id strength a id  larger magnet aperture. 
But, on the other end. one has the benefit to liave eliminated 
clzromatic effects. 

FIGXIRE 3. Scaling FFAG Lattice 

NOM-SCALING FFAG LATTICE 

A i\biz-&ahkg f?f%c L~fticc.  011 the other end, is the one by which only for the reference trajectory 
corresponding to the curvature h and mon~ent~iiii po the Lorentz condition Eq (S) is exzzctly satisfied uilifonnly 
along ffie length of a sector i~mgnet, On the rdereiice trajectory there is aunil'onu constant curvatme 11 and baldjag 
field B, Moreover, this reference trajectory makes zero angle at tlie entrance and exit of the magnets. But this is not 
fme for any other particle w?.itli a &&rent momentum vdue p = pa (1 + 6). For this particb the trdectory is not an 
arc of circle with constant curvature, but crosses regions with varying bending and focusing field as dio~w in Fig. 4. 
In the special case of a constant field gradient G = dB / dr it is then not possible to preserve constant tunes and 
lattice hictions across &e rnonitnturn aperture. 

FIG= 4. Won-Scaling FFAG Lattice 

It; is neveriekss possible to 1k.d an il&&ed Fidd Prqfile 
t&hin each of tl-ie magnets that cancels the chromatic. behavior 
o f  the lattice functions over the desired momentmi range. The 
,Mjzsfei? Fiek? Pr.qfile causes the gradient to vary in a speccifjc 
m a r ~ i a  so that the resulting field index at a particular 
loiigitzldirrai location s is now a function of the radial 
displacement x! &at is n = n[x, s )  that cancels the momentum 
dependence at tIie denominator of the ibcusing paranieter K in 
Eq. (3) .  The Reciye ia derive the Adjii,sted Field Prqfile requires 
a careful analysis aid an inversion operation [3]. The field so 
derived satisfies Maxwell's eqcluiltioiis correctly. Because now 
the field cor&y.ration varies with the path lm@h s, there is 
also a solenoid field component B, that can nevertheless be 
igiored because it lzas little consequence on &e beam 
dynamics. On tIie other end very important are f l~e  magnet edge 
effects [4]$ because in a NonSmling Latlicir trajectories make 
non vanisliing elltrance aid exit zkigles with the magnets, unless 
B = 0. The sharp magnet edge effect introduces a hue variatioii 

across the momentam aperture that is not compensated by the.4djmted Field Prqfik. 

Rule # 3. The search of the Ad'astcd Fidd Projig is the third recommendation needed for the design of a radial 
compact FFAF accelerator. 



. 

Rule # 4. One more recomnendation, the fourth, is to chose a large circtmli’erence and a large periodicity a s  
possible compatible with tlie application in c.onsideration. The physical aperture in the magnets required to 
awonmodate ffie large monientuiii range varies about quadratically with the bending per period. A large paiodicity 
not only reduces the beam transverse dimelisions for the saiiie emittance, but also reduces considerably the entrance 
arid exit angles imjjectories make with the magnets and thmehre reduces also ffie range of tlie residual betatron trines 
not corrected by thed&rstcd Field PrrifZe. 

It was detmnined eniplr-ically (that is nunterically) that ffiere is an optimmi balding ratio defined as ffie ratio of 
the bending angle hi the D-magnet to the beding angle of both F-magnets; this ratio is aronnd 2.5. There is also an 
optimum packing factor, defied as the ratio of the total bending magnet leiigtli tu the period lengths this ratio is 
around 0.5. 

CONCLUSIONS 

In swmiary there are four rules that ought to he applied tbr an optuiiuni lattice of a FFAG accelerator, naiiely: 

1. 

2. 
3. 
4. 

Tuning of the lattice at the lowest aid of the’ nioiiieittum ‘range: it‘ p = po (1 + 61, po is the reference 
niomentum taken to correspond to the injection orbit for wluch B = 0; 
Use of a Nm-Scnliqg FDF triplet lattice configuration to reduce the amount of global dispersion; 
Use ofthe Adjtufed Field Pr.qfik for tlie cancellation of tlie chinatic effects; 
Chose a large circumference and a large periodicity to minimize the betatron tune variation during 
acceleration caused by the magnet sharp edge eKects. 

We have applied these ides to the design of (1) a 1.5-GeV FFAG proton accelerator as a new hjector to tlie 
Alternating-Gradient Synclmtron (AGS) at Erool&awn National Laboratoq (‘BML ) [5 ] -  ( 2 )  a 1-GeV IO-MWatt 
Proton Driver in a independent field mviromttent 161. mid (3 )  a 15-MeV proton FFAG accelerator for Medical 
Applications. 

REFERENCES 

1. JS. Berg at a[., “Review of Current FFAG Lattice Studies i11 North America‘’, Invited Talk to the Cyclofriw Conference in 
Tokyo, Japan. October I 8-2Z1 2004 

2. D. Trhojevic et al., “FFAG lattice without Opposite bends”, AIP Confereilce Proceedings, Volume 530. pp. 333-338, (2000 j ,  
3. A.G. Ruggiew. “Adjusted Field Profile for tlie Cttroinaticity Cancellation in a FHAG Xcmlzmtor”, 

Contriliution to ICFA-HE2DU47 October 18-22.2004, Baishaim. Germany. 
4. A.G. Ruggiero, -’Sharp Edgc Effects of the Magnets of a FFAC; Acwleratto”~ Contribution to FFAG’O4 1Vorl;sl:hop 

Proceedingss, 0c.tober 13-16,200% LEK, Tsvliuba Japan. 
5. A.G. Ruiggiero, “1.5-GeV FFAG Proton Accelerator for tlie AGS Upgrade”, hivited Talk to EPAC-O.I, July 6-1 I. 2004, 

Liicsme: Switzerland. 
6.  A.G. Ruggiem, “A l-Ge\’ lO-MWalt Proton Driver“: Invited talk to ICFA-1332004, October 18-22, 20004, 

Bensiieim, Germany. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States Government. Neither 
the United States Government nor any agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors or their employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or any third party’s use or the results of such use of any infoi-lnation, 
apparatus, product, or process disclosed, or represents that its use would not infkinge privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof or its contractors or subcontractors. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof 


