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ABSTRACT
A combination pulsed and DC magnetic field system is described which
will extract the beﬁm frém an FFAG spiral sector synchrotron with essentially
no loss in betatron phase density, permitting the use of this type of synchrotron

as a high intensity injector into a pair of colliding beam storage rings.
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| A. Iuttgduétion
The use of a conventional AG synchrotron as an injector into a pair of

colliding beam storage rings has been proposed as an alternative to the two~

way Ohkawa FFAG accelerator.l A spiral sector FFAG synchrotron could

also be used as such anln.quter. with the ,la.dvantage of a éonsiderably shorter

buildup time of the staqkdd.ckculaﬁn‘g beam in.the storage rings, because of

the higher repetition rate {about nif}acter» of 50). Both storage rings systems

would have larger (a factor of 7 or 80) circulating current dnnamcu than the -

two-way machine if aﬁace charge is taken as a limiting factor. There is, how-

ever, the extra beam transfer step‘ in the storage riﬁg process, so if the system

is to be competitive wiAt,h;tha two-way machine, the phase density loss during |

transfer must be kept less than the factor 7. O'Neilll has suggested the use

‘of a pulsed field one turn ejection (and subsequent injection) system for the

transfer process for his AG synchrotron. Such a system will be used here

for the FFAG synchrotron extraction, Extracﬂon from a non-linear FFAG

machine, however, involves the additional possibilit y' of phase area distortion--

and phase density loss--due to the non-linearity. Section B discusses a §ulsed

extraction system for a spiral sector FFAG synchrotron in which the non-

linearities introduce negligible loss‘ in the eitractiewx pi-ocesa. |
In additién to the one-turn beam extraction with high phase density, it is

very desirable that there be means of adiabatic extraction from FFAG synchro-

trons in order to give a high duty cycle for experiments with the external beam.
The problems and possibilities of this adiabatic extraction will be discussed
briefly in Section C.

1. O'Neill, G. K., ric Storage Rings, GKO'N~11 (Jan. 1958) Princeton-
Penn. Accelerator Project.
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.B. A Pulged One-Turn Beam Extraction System for a Spiral 8

i § large radial ascillations are employed in the extractionv proceas from a
spiral sector machine, the non-linearities will cause the radial and vertical phase
areas to. diatnrt the amount, of course, depend:lng on a large number of factora.
If the distortion is excessive, the average beam density over a useful phase area

- will decrease considerably from the original peak density. If the radial and vertical

oscillations are both kept small enough, however, both phase areas of the beam can
be kept reasonably shaped and the average density near the peak density. Any pro-
cess involving large displacements with a high rate of distortion must be confined
to a short region. The fpuawing,aysicmxis in line with the above reguirements.

A vertical magnetic field which is uniform over a small azimuthal region is
pulsed oa in a period shqrt compared to one revg{t_;tion. This perturbation produces
a small amplitude of escillation, but large enough at its maximum to have.&isphced

the entire beam into a DC high field region. This high field bump bends the beam

enough to send it down the spiral and out of the machine in less than one-half sector

and with negligible phase area distortion.

The extraction system was designed far a particular spiral sector machine.

.'The machine param_eters are indicated in Table I.

TABLE I
. Spiral Sector Machine Parameters

Median Plane Field : H = (1 + x)¥ [1 +cos (@ -1 1n (14 x))]

N = 30 , Freguencies

k = 53 O, = .56Tr

1

i = 301 | . d-y = 487

tan /" = Nw = .1 Total Stable Phase Areas (ceupled motion)
AxO p= =2x10°9 where:
AyAp-4x1o° x in units of R

3 ‘px = ﬁ‘d@. =£

ds de




Phase plots for the coupled motion obtained from runs on the
| IBM 704 computer areshown in Fig. 1. The plota are made at the asimuthal
positiens No.= T, 811’, . L de., midway between the magnets. The curye |

rotate, et course, in Mthroughthe se.cto:a. The phase areas listed in
Table I correspond to the curves (A). It is evident that there i cmmrm
scattering in the plots indicatinga coﬁamrabla loss in phase dénsity'. Tho
motion becomes unstahle if either the x- or y'ampun;de is much larger than
~ the curves {(A). The curves (B) regemble invariant curves more cla:s.aly. |
These areas are Ax Apy = 6x 1076 and Oy Ap, 2 10°%. Within the curves
{B) the mmatim frequencies do not chaage app:eeiably withv gmplitude. |
| If the beam 1s injected at 50 Mev into the phase areas of curve (B) by
15 Bev the betajron phase areas will each have damped a factor -F- fﬁ'
=80 giving Ax Ap =1,2x10"7and Ay & Py=2x lovn(usumingw |
loss in betatron phase demsity during acceleration). | |
Fig. 2 shows the eﬂeﬁt on_the damped x-ellipse of an impulsivefxfm—.
tum change.. Inthe Fig. 2 A p, 1s 3.3 x 10", One sector later (again midway
between the magnets) the beam center has moved out A x=4x 10"4. (The new
x~-phase area shape can be found by noting that radial lines transform into radial
- lines and the area remains censtant.) Since the beam is inside the curves (B),
the y-phase area will be essentially unchanged by the x*pertﬁrbation. The

x-space between the edges of the perturbed and unperturbed beam is about

3x 104, F
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machine radius of 70 meters this corresponds to a radial
separation of 2 cm, enough room for a current sheet to be there to generate

the DC field for extraction.
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- Fig. 2. Radial displacement produced by a field bump ‘be,tw,een two of the magnets. The large ellipse (B)’ is from

Fig. 1. The small ellipse is curve B damped in going from 50 Mev to.15 Bev.
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Fig. 1. Phue plots for coupled motion in the u:celernor of Table 1, at N@ =17, 311 . .« Curves léttered the same
are the same computer run.



An arbitrary figure of x = 6.x 10~3 was taken as the.machine edge-~-slightly
 more than one quarter of & radial wave of the magnetic field. The iren will prob-

ably have to extend this far to make the equilibrium orbit flelds correct. A series
of computer runs the‘u jndicated that mimpulsive momentum change to a

px = 3x1072at N6 = T (the spiral angle 1s 10 x 10°3) would bring the beam out

3, With p, = 2 x 1072 the beam oscillated back before reaching

tox=6x10
6 x 1073 and the y-amplitude started to grow. With p, = 5 x 1072 the beam reached
x =5.8 ‘x, lb's in A Nﬂ,‘s 13/16 TC radians., Here p, final = 11 x 1,0'2,‘ a decent
exit angle. The beam has moved out over a quarter wave of magnetic fisld in less
than half sector in azimuth so the beam has not quite entered between the poles of
fho next magnet before it exits.

- Designs of a pulsed field system to give the above. ﬁnpulsive momentum
change of & p_=3.3x 10°3 and a DC extraction fleld to change py to 5 x 1072
are given in the Appendix. | | |

To examine the behavior _Of, fhe x‘zwe‘ areas during the extraction prbcess'

after Fig. 2, the DC extraction ﬂoid. was treated as an impulsive perturbatio#.
oecurring atNe = T , moving the x-phase area from its ﬁnal position in Fig | 2
to a position around the point p, = 5 x 10°%, with the same x-values. A com-
puter run then mapped @ sample x- and ‘y-‘ppase' area, starting about the point
py = 5x 1072, at N@ =T , to the position N® = (1 + 13/16)TT . The x- and y-
phase areas at the starting point (N6 =77 ) are shewn in Fig. 3a. The phase
 areas just before the beam leaves the machine, at NO = (1 + 13/16) . are
shown in Fig. 3b. The phaae areas after exit from the machine depend on the
field fall off in the radial direction If the edge m..takcn as “hard" (instantaneous
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- Fig. 3. 'l‘r:ansformatxon of phase u-en.s on cxtrtction.

Fxg. Sn.nhnuathe.dampedphue-um th 3b shows the same :ms

at N® = 77, at the final poaition of just before leaving the machine at

Fig. 2. NO = (1 +'A5)Tr. The central point
| ! isxw58x10°5, p wr1x10°).

A A 5 k0¥

' Fig. 3c indicates the chunge of the

areas after going through the
discontinuous field edge at

x=6x 107



fall off), the resultant phase areas are as shown in m Sc. This "hard edge”
is a. fairly good approximathn with the exit angle of py = .11 radians and tha

- smau vortical aperture {y = 10‘3) of these machines.

These phase areas are reasonable and there has been little loss in phun
density, so it appearﬁ that such an extrmtim st:hcme with subsequent nimmu‘
rein;ectinn 1nto an AG storage ring appears feasible, at l.eaat as regardl phau
density. Reinjection i.nto.tl_m storage ring adds another problem, however, if
the beam is to be stacked there in the storage ring. The pulsed inflector ﬁeld
must be designed. not to disturdb the previmly stacked beam. (Pnlsed ejeettan
was & one-turn process with no other beam elese by to worry about.)

It is possible also to stack in the spiral machine up to the point where. th;
diﬂeremes in radial pesitian am! mcmentum can be haudled by the extrnctian
system. The syatem prmntod abeve with the same ﬂelda and oacﬂlatioa ampu-
tudes, co_n_ld handle an extra radial Mcramw due to the energy spreud-ﬁ«_dx,s = 10,‘" .
{(.7cm) getting it past al -cm.éurrcnt sheet into the extraction channel. 'rhe gi,_ﬂer-

ence in momentum correspendi tothis radial qpr&d is small $E= kAx = 531; 1074

=1/2%. Due to.the momentum range, however, if the above uniform bending

: fields were uéed, there woiild be an. extra- spread in Px of %E times the bendin;

angle & 5 x io's‘x 1=5x10" radians causing arounda 40 % loss inradial
phase density. This loss ceuld be eliminated by mnking the deflection field match
the momentum of the particles by the addition of a gradient,

This radial increment of & x = 10°4 corresponds to a fair m:unber of
injected pulsea. The energy spread corresponding to this Ax at 15 Bev is 75 Mev.
Auummg no rf phase density loss, a 50 kilovolt spread injected at 50 Mev wpuld
become .15 Mev at 15 Bev, or there would be 75/ 15 = 500 pulses in the. radm
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incremnt with a factm' of four rf density lm (n in the nURA prmnl).
88, These pu}.ma can be made to spatially snpurlmm
in the sterage rmg, gtv:ng A net reLnnu interactm beam density, (includiz

thﬁremldbe 125

the facter of 7 mcrmmwawzymumm smaller radius andhrzbr

)),,. ).af 7 x 125 = 875, practically equal to that of 1000 injected pulses .ﬁ the
MURA proposal. If larger oscillations are allowed in the extraction precess,
which is certainly feasible up to & point, the interaction density can also be |

‘I‘he type of aystm diacnsud in the prcvim section can be emplsyud in
any FFAG synchrotren, either spiral ar radial secter, to extract the beam |
quiek.ly. Bringing the beam out slowly, however, to give a long duty cycle fer
expsriments with an external beam, appears to be a more difficult problem,

The Piccioni schgm ‘being emidered for the AGS, is not easy to m}y.

here. In FFAG aceeleratﬂrl with poattive ka bu.m traversal of the y loss
foil causes the equmhrim arbit to be dispiaced to a smaller radius,. whm&* how-~
ever, no extraction channel ca;a be plmead becam, beam must be wcgw,
through that region. Ne current sheet pseler can exist there. It is cmm#bl;,
hcﬁver, that one might add such a current sheet or small localized nmmtk
hﬁmp, juat before extraction, giving the beam deflecied there by the foil encugh
dakickmundittcmextmmratalargarradmu |
Another possibility suggested by- Symau is to use the energy loss of th¢
feil as a means of driviag the beam beyond the stability limit, and some frwﬁnn

at least, into an extrutia ehmml. _ Adiabatically increasing a peﬂurbmg,f;eid
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(or ndiabaticuﬂy dm-ming the mbmty nmu) mi;ht also b sed for the same

" wrtgenerat:lve munn o! tha typt emplcytd in cyclotrons, is dmfi-

euxtwmmebemsdmmmhmmumym parm(#

wdnrlmﬂl) Te mrmclpitch;,jlmmwauntulmwnt by say, qhnng
|

: eladr!mn x-oscillation, depcnd on ensrgy, WFald

rmirc lmingprantsc mtOp of a resonance for a large number of rwo&ﬁﬁu,
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' APPENDIX

tank, as mdlcated below

o e T @———}L
l | o Zmetetlvvm' |
- Beam B _
| | Hl o 103x12 | |
The total current required {8 1= Tﬁ"“"?ﬁ"‘" = 10,000 amps. The stored

1. A Puised Mag;xetic Deﬁactor
A 15 Bev beam can be deﬂanted an a.ngle of 3.3 x 10”3 radians witha

 bending impulse of He » 3309 pcmp. 3800 x 16 x 103x3.3x 1073 = 1, 75 x 105gauss

cm. The system described-_here to ngiv_e,ig, crude estimate of the paramater_n
invelved has a 1 kg field over a 2 meter 'azimuthxl region.

The pulsed field can be pradneed by a current aystem inside the vacuum

’ 2
energy in the ﬁeldis% xvmﬁ‘“’;) ’%99““’ = 20 Joules, and the
| 2x Enar "
self inductance ofthe aystem, tnkenas aone-turn loop, is L = = : =, 4 4h,

The pulse must be on. tor one revolution 1. 5 ,aaec for R = 70 metcrn, a.nd \

be turned on in a small fraction ‘of this time. This can be achieved reasonably

 well with a delay line system, with the inductance L as an element of the line, as

‘indicated below.
| Spark L

L o Gap r—f—-:g_;nﬁa




i
() wuh a 15 kv pulse, with I = 10, 000 amps, R=1.5 ohms, so.C, given by

. B. =r 18 ~. 2 4l Therise time, approximately the time. delay per
section =V_I:E# .3 M eec. There are five sections for a 1,5 &sec pulse.
For a faster rise tiine, C can be. decreaséd? i‘nd the system run at a higher.
voltage with more sections.or the inductive lend can be split into parta driven|

by sepnrate delay lines.

2. DC Extraction Field

~ To bend the 15 Bev beam 5 x 10”2 radians réﬁx_aire_q 2, _64\x 106 gauss cm or

10 kg for 2.6 metei's..- {The azimuthal distance between the spiral‘ magnets is.

7 meters.) To.change & ﬁeid from zero té 10 kg Qon_e cm, the copper,' width
chosen earlier, requires a current sheet of density 8, 000 amps/cm?, an extre#nely |

(\ high density, but one that can be handled over a'.limit;ed;regki’m with a high flow
rate water cooling system. | o

. The vacunn{ tank can be between the poles of tha extragtion magnet, withthe

current sheet through it, as shown below.

/™ Or, the tank can be made large enough at this position to enclose the magnet,

which can be -made quite small.
- | 10




