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FFAG Accelerator as a New Znjector for the BNL-AGS" 

Alessan&o G. Ruggieru 

Abstmct. It has been proposed recently to upgrade the ~ ~ l ~ e ~ a t i n g - G r a d i ~ i t  Synchrotron {AGS) of BrooMaven National 
Laboratory (RWL) 1-0 an average proton beam powc of m e  hWatt  a t  the tup energy of 28 GeV. This is to be 
accoinplislied primarily by- raising the AGS repetition rate froin the presaif- ~ li3 to 2.5 ptilses pz second. mid by a 
relatively iiiotles? increase n f t m m  intensity f iun  the present 0.7 to 3t3out 1.0 s loL4 protcnis per cycle. TIE prcsent 
injector, the 1.5 Gelr Booster, has a circtmference B quarter of that of the AGS, mid four succzssive beam pnlses are 
required for a complete fX oftlie IIGS. Tlie filling $ne at injection is t h i s  at least 0.5 seconds. and it ought to be 
eliminated if one desires to shorten tlie AGS cycle period. hioreover, holding the beam for such a long period of time 
during injatitm mtises its qaality to doloriafe and beam losses. This rep& is the summary of tile rcarlts of a fasibility 
sfududy of a 1.5 GeV Fised-Field Altminting-Graditnlt (FFAG) Accdtzator as B new possibla injeclion to lhe AGS. 

Kqywords: FFAG Accelerators, Upgrade, Synchrotrons, Proton Beams, High Intaisitl;. 
PACS: 29.zo.-c 

FEATURES OF THE FFAG ACCELERATORS 

The main feature of tlie FFAG accelerators is that tlrey are essmtially based on conventional room-temperature 
magnet teclmology with const'ant kt'eld. As the beam is accelerated by RF cavities, its trajectory spirals from :m b e r  
orbit wliere injection occurs toward 'an outer orbit from which the berun is extracted. The radial extension o f  
trajectories is entirely confined within the magnet aperture, md the field does not need then to be ramped neither for 
bending nor for focusing. In principle, &is made of operation requires a large momentum excursion tliat for 
instance, from 400 hfeV to 1.5 GeV is about +40% around the central momentum value. 

AnoUier feature of tlie FFAG accelerator is the use of m,agnes with combined fimction for simultaneous bending 
and tbcusing. The fkld proJie is not constant but varies across tlie magnet width and may vary from magnet to 
magnet. Moreover: the bending and the focusing alternate providing strong focusing and a more compact 
monimtum aperture when compared to cyclotrons. Ne~erthdess tIie reverse bending subtracts froiii the total 
bending kicreasiug the circumference of tlie ring. 

Recently, four major rules where devistd [I] for thc design of a compact and stable FFAG accelerator lattice. 
The rules are as follows: (1) Tune the ring lattice for stability at the lower exid of the momentum range, that is at 
injection; (2) Use FDF triplets made of slctor nxagnets; (3) Make use o f  the .4&is&d F i d  Pro$% f2J for the 
compensation of the chromaticity: and (4) diose a large circumference and periodicity to reduce the effects of the 
magnets edges [3]. These rules have been applied consistently to the design of tlie 1.5-GeV FFAG accelerator for 
the AGS Upgrade. 

1.5-GEV PPAG AS A NEW INJECTOR TO THE BNL AGS 

The layout of the AGS facility is shown in Fig. 1 .  For tlie time being it has been proposed to replace the Rooster 
with a 1.2-GeV Snper-Conducting Linac (SCL) [4] that connects directly the 200-MeV room-tempwature Drift- 
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Tube L.inac (Dn) to the AGS. At the same time it has 
also been suggested to upgrade the DTL energy to 400 
MeV by replacing the last four tanks tvitli a 805 M€Xz W 
system as it was done at Fmnilab 151. 

It has also been found necessary to investigate 
alternative solutions like. for i~istance, the use of a 1.5- 
GeV FFAG acc.elerator replacing the Booster, instead of 
the SCL. For tliis purpose:, the best scaiariU so far 
developed is to locate the new injector in tlie same tunnel 
on top oftlie AGS magnets. The circumfkreiice ofthe tis.a 
rings would flm1 he tlie sanie 807 in. 

The 1.5-GeV FFAG injector to the AGS is made of an 
unbroken sequence of 136 periods each made of a FDF 
triplet as show in Fig. 2.  To be noticed is ?he double 
mirror syrumee of h e  lattice around the middle point of 
the long straight and the nuddle of the D-sector magnet. 
The main parameters are listed in Tables 1 and 2.  

The lattice was tuned at the desired values at the low energy end of 41J0 MeV. The lattice fclnctions across tlie 
period are plotted in Fig. 3 .  The lattice parameters are in Table 3. The amplitude p-fwictions are snialler than those 
in the present Eooster, and the dispersion is considerably reduced to about 4.0 cni in tlie niddle of the long straight. 
The phase advance pa period is close to 100" in both planes. The transition energy is vmy large aid irtlaginary 
because of tlie reverse bending. Moreover, the required Geld and gradient lmve modest values. 
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. FIGURE 1. AGS Upgrade LX*;~~I 1 .Z-GaT; SCL 
or 1 .s-G~~v FFAG 

ADJUSTED FIELD PROFILE 

PIheri applying l e  Adjmted Field Prqfilc rule [2 J for Uie 
S 'i ; \  D ! ' ,  i clwoiiiaticity compensation, the field distribution versus the 

! ;+. - . .i-- i !  I radial displacement ?E at five diEerent eqik711y spaced 
longitudinal locations is detemined, shown in Figs 3 and 5 
respectively for the F and half of the D sector magnets. 
There is a collsiderahle miowit of noii-hlexity involvd. 
Still the strength across the radial extension remains limited 
to only few kGauss. In partkukx the F-magnet boks more 
like a quadnapole, and the D-magnet a typic.& combined- 

function sector magnet. The magnets have been conceptually designed and judged feasible, as they are shown in 
Figs 6 md 7 with their pamuetas listed ki 4. Supplemeiitq coils are located ~ ~ o u u d h g  the vacuuiti 
clianiber for the creation and coiitrol of the desired & & i  profile. The shape and separation of the magiiet poles have 
also to be tapered properly. 

The betatron tune variation duritlg acceleration with 'die .ddjristcd Field Projile is diowzi in Fig. 8. The variation 
is less than 0.1, mostly caused by the entrance and exit angles trajectories make wiiith tlie magnets [ 3 ] .  The actmi 
B w d e  of trajectories covering the fiibl momenttm rmge is shown in Fig. 9. The radial extension is of only 3.6 mm 
at the eiihavce of the F-magnet and drops down to less tlian a millinwter in the middle oftlie D-magmt. 

The vac.uuni climber has a1 elliptical cross-section 18 cm wide and 9 cm high. It is made of a 2 aun stainless 
steel, since the requiiements on the vacuum pressure are relaxed. Assuming a bean fill1 eniittance of 100 'IE mm- 
mrad, the actual location aid dimension of the beam during acceleration in the vacuuni chamber is shown in Fig. IO. 
Sliowu is also a siniilar 10-cm diameter circular pipe that can be located ui the long straights where RF cavities are 
needed. 
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FIGURE 2. The AGS-FFAG PaiOd (,FDF) 
aid tlie Ir~jeetion TrJeetory. 

ACCELERATION CYCLE IN THE FFAG INJECTOR 

Ta get the desired intensiQ- of protons per pn'lse, multi-&mi injection of negative ions (IT) is needed. The 
injection parameters are given in Table 5 and flie layout of the injection coniponents is shown in Fig. 12. Tlie entire 



injection process takes about one millisecond at the 2.5 Nz repetition rate lo be sustained by the present DTL wvitb 
proper modifications. 

Dtiring milti- tun1 injection the beam is captured by the standing-by RF cavity system at the liarntonic number 
h = 24 with about 500 kVolt of peak voltage. The resulting bunch area at the end d the F S  capture is 0.4 eV-sec as 
it ~ 3 s  determined bg computer sirnulation including space-charge forces. No beam losses were noticed. At most the 
space-char&= tune depression mas estimated to be 0.5, a value that should not present any major concern. The beam 
is then accelerated to the top anergy (1.5 GeV) by a peak W volkge of 1.2 MVolt in 2,200 revolutions taking about 
7 milliseconds. Thus the total acceleration cycle, including multi-bun injection is 8 milliseconds. The main 
acceleration and RF parameters are given in Tables 6 and 7. 

Table 1. Proton B m  Kinmatic Parmeters 
Inistion Exhaction 

Kjsetic Energy, MeV 400 1,500 
PJ 0.713056 0.922996 

Magn. Zgidity, kG-m 3 1.8308 75.0691 

Y 1.42632 2.59868 
Momenimn, MeVIc 954.263 2J50.51 

Momentum b 0 1.36 

P I 2 3 4 5 6 

FIGURE. 3. The AGS-FFAG Lattice F~nctio~is for 
the Injection Orbit (b = 8) 

Table 2. Magnet Parameters for the Irrjec.tion Orbit 

Magnet Type F D 
Arc Length, m 0.70 1.40 

Emding Radius p, m -40.5958 17.3512 

Ek~iding Ratio CDIF) 2.43 

Baaing Field E. k~ - 0.78409 1.8345 
Gradient G, kGlm 26.5817 -23.2456 

Rending Angle, mad -17.2432 80.6862 

Table 3. The AGS-FFAG Parameters 
for the Reference Trajectory 

Circumference 807.091 m 
Number of Periods 136 

Period S tnlc lure S F g D g F S  
Short Drift. g 0.30 in 
Long Drift, s (total) 2.33350 111 
p H  Illas ( in S )  4.5733 ni 

1 1.7902 111 pv m a  (in D) 
11 mazi {ill s .I 11.060 m 
Phase A&. 1 Period, Iini. 105.23" 199.935" 
Betatron Tunes. H N  39.755 137.755 

Transition Energy, YT 

Pmiod Length 5.93449 n1 

Natural Chroniaticity, H N  -0.926 I -1 .SO5 
105.482 i 
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FIGURE 4. Fiold Profdes vs. Radial (x,l Fositim 
In the F-Sactor Magnet 

FIGURE 5. Field Profiles vs. Radial (s) Position 
in the D-Sector Magnet 



The last step in the, cycle is extraction from the F A G  accelerator and transfer to the AGS. The hvvo rings are 
located in the same tunnel on top of e.ach. Extraction is d a single Eum. At that purpose three missing bunches are 
created in the beam dwing iiijection to dlmv a fast kicker rise time of 0.3 ps.  The main panmeters of extraction are 
summarized in Table 8 and the layout is shown in Fig. 11. 
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FIGURE 6.  Conceptual Design ofUie F-Magiet 
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f;IGt!RE 7. Coiicepbial Design oftha DMagiiet 
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FIGZKE 9. Orbit Trajzctones along half of a 
Period at d i f m n t  energies 



Table 4. List af the AGSFIAG Magnet Parameters 

TUNEABILITY OF THE EXTRACTION ENERGY IN THE FFAG ACCELERATOR 

One interesting feabre of FFAG Accelemtors is tlieir flexibjlip and fmeability of the &a1 energy. With the 
same design geometry: design procedurc, a id  tuning conditions at &e 3OO-MeV injection energy, it is possible to 
&end the f i a l  energy up to a value of 3.0 GeV. Of course in the meantime the Eeld ra i ip  <and the radial exclusion 
changes. In Fig. 13 we show the field profiles required for 2.0.2.5 and 3.U GeV. The bending fiald at injection of 
course is unclianged hut the field range has increased, though well within acceptable vdues. 

F-Magnet D-Magnet ' RF 

FIGURE 10. 18 cm s 9 cm Vacuiim Ch'mbcr in F and D Magnets, and 10 cm for RF Cavities 

Figure 14 shows the fractioml part ofthe betatron huies aci-oss tlie inomentun aperture. It is seen that even at 3.0 
GeV tlie variation of the tunes las increased but still does not exceed 0.2. The same Fig. 14 shows also the required 
radial apertme to accommodate the full energy range that a t  most is 4.6 mm. 

The ener,qy tuneability is useful if the FFAG is operated as the Knjector to the AGS. Indeed in order to squeeze 
&e beam size at the exit of the FFAG accelcratim cycle inlo 'die transverse apeftrtre of tlie AGS, it may be beneklcial 
to hicrease the final energy since tlic beam physical size tvould also decrwse accordingly. But ifthe energy gain per 
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timi during accderatioii is kept to 500 keV, the beani 
average power \vi11 not increase by raking +lie lkal 
eriergy since the acceleration period would 
correspondingly lengthen and lower the repetition rate. 
Nevertheless, the acceleration rate is liniited by the 
choice o f  tlie RF that operates at hamonic iiiiniber 
11 = 24 in order to iizatch the acceleration cycle of tlie 
AGS . 

Kicker Septuni 4 

F D F  F D F  F D  F 

Table 6. Acceleration in the AGS-FFAG 

Circuinferaice 
Harmonic Number, h 
Energy Gain 

Peak RF Voltage 
Nuinba of fill1 Buckets 
Total Number of Protons 
Bunch Area, full 
Protons / Biincli 
Injection Period 
Acceleration Period 
Total Cycle Period 

Tra1&iotl E ~ l ~ g y ;  YT 

807.091 in 
24 
0.5 MeV /turn 
105.5 i 
1.2 MVolt 
22 oat of 24 

0.4 ev-sec 

1 .O nis 
7.0 nis 
s.0 ms 

1 .o I ioLJ 

3.6 s 10" 

Table 5. Parameters at Injection hito the FFAG 

Linac Peak Current 35 1nA 
Revolution Period 3.7s ,us 
No. of PSQtQBS / FFAG pulse 

Single Pulse La1gtI1 0.96 111s 
No. of T i m ~  Injected /pulse 
Linac/EFAG repet. rate 2.5 E32 

1.ox loid 
ChQPphg &ti0 0.50 
Chopping Frequency 6.357 MHz 

255 

Linac Duty Cycle 0.24 04 
Lbtac Emittttllce, rnis norm. 
Final Emittance, fidl nom. 

1 'II: mm-mmd 
I00 x imi-mad 

Bimcfkg Factor 3 
Space-Clxirge Time-Shift 0.50 

I 

Table 7. RF CmiQ System 
No. of= Cavities 3 0 
No. of Gaps per Cavity 
Cavity La~gtli 1 .(I Ill 
JitLmLl Diameter 10 4x11 
Peak Voltage / C.avity 40 kVolt 
Power Amplifier I Cavity 250 kW 
Energy Range, MeV 400 1,50 
P 0.713 0.9230 
Rev. Frequeticy, MHx 0.265 0.3429 
Revolution Period, !AS 3.78 2.92 
RI; Frequency, MHz 6.357 8.228 

Peak. Beam Power, MY! 2.12 2.75 

1 

Peak Current, Amp 1.24 5.49 

B1 Iniecfion Orbit 

FKGURE 12. Injection Transfer Line and Ream Cross-section at the Foil 



Table 8. Pararneters of Extraction from tlie FFAG CONCLUSIONS 

Revolution Period 
Eeam Gap 
Kicker Magnet, Length 

Field 
Rise-Time 

Field 
Sep t~~n  Magnet? Length 

Repetition Rate 

2.92 ps 
300 11s 
1 .5 111 

I k G  
< 300 os 
1.5 1x1 
10kG 
2.5 I32 

The Kicker frelri remains constant for the duration oE 
the beam pulse, and it is tlmally reset to zero-value in 
about 400 ms, to be fired again the nest cycle. 

In conclusion, ffic desigii of tlie 1.5-GeV R A G  
bijector for tlie AGS appems to bc very feasible. 
Possible concerns are the design aid mawfacluring of 
the triplet magnets and Uie control OK itllperfections 
and errors. These issues reqiire a more careful and 
detailed andysis hcludkg numcrical tracking, 
order to deteniike tolerances. It nmy also be possible 
to replace the noli-linear field distribution derived 
from tlie rl@zrstcd Field P m f i b  wit31 n inure simplitred 
model as long this does not ititluence too much tlie 
bemi orbit dynamics md the dynmical aperture. 

A cost estimate of the teclmical components that 
make tlie FFAG injector gives a figure around 50 MS, 
tlxit is at last half of that of tlie corresponding 1.2 

G ~ V  SCL.  so tlie WAG requires on~y a c.oiiventioiial r o o i ~ i - ~ e i n p ~ ~ r e  mapet teclmology that in& need less 
tlim tlie effort otherwise required for the design a id  ~onstru~tioii ofthe superconduchg RF cavities. 
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FIGURE 14. Tune Variation and radial Dispfacmnaxt across Momentum rlparturi: fnr diflerent fi~d Energy 

REFERENCES 

2.0 G2V 

2.5 GeV 

3.0 GeV 

1. A.G. Ruggiero, "Design Critaia of a Protou FFAC tbxeleraf.clr"'7 Contribution to FFAGW Workshop Procetxlhgs, 
Octohw 13-16,2004, E;EE; Tsukuba, Japan. 

2. '4.G. Ruggiaro, "Adjusted Field Profile for the Chromaticity Cancellation in a FF.4G Accelerator", 
Contribution to ICFA-HB2004, October 18-22, 20W, Bensheim, Germany. 

3. A.G. Ritggiemol 'Sl~arp Edge Effec.ts of the Magnets of a FFAG Accelerator". 
Contribution to FFAG'OI Workhop Proc.eedings. Octohcr 13-14.2004, KEK Tsukuha, Japan. 

4. dGS Sicper Nmtrino Becm Factlit): ilccelerator mid Target System Design, edit& by D. Raparia. 
BNL report BNL-71228 (2003). 

5. Fcwnikcih Limc Upgrirde Co~cepf?iiJOasZg% Rmision 4A, Fwnilab, (No\retember 1989). 



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 information, 
apparatus, product, or process disclosed, or represents that its use would not infiinge 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 Goveimnent 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. 


