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Introduction

In recent years there has been increasing interest in obtaining
from Electron Synchrotrons external electron bursts whose duratidh could
be controlled over a wide range, say from the duration of the order of one
particle revolution period up to a few milliseconds,

In this report we shall review very briefly the most advantageous
methods in use today for producing these bursts out of the Machines, Mo-
reover, in order to make our survey as complete as possible, we shall
also include here the resulfs achieved with the Proton Synchrotrons, consi-
dering that all the extraction processes described below seem well applica-
ble to Synchrotrons both for electrons and protons,

We shall distinguish between three ejection schemes:

i). Short burst techniques: the particles are ejected during a single revo-

lution by a suitable pulsed beam deflector,
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" ii) Linac-like burst techniques: the particles are ejected during a few
revolutions ioy exciting a linear resonance between the radial betatron
oscillations and the revolutions, |

111) Long burst techniques: the particles are ejected during several thou-
sand revolutlons by exc1t1ng a non 11near resonance between the radi-
"al betatron oscillations and the revolutlons‘.

" Anyway, the extraction efficiency can reach very high values (abo-
ve 90%), and external beams can be produced having practically the same

optical properties as the circulating beam.,

1. Short burst techniques

The fast schexfn.e, originally proposed for Betatrons, consists ba-
sica.lly‘1 of removing the beam from the Accelératbr by means of a 'pulsed
deflecting magnet ("kicker magnet') acting.in a region of small azi-
muthal width (fig. 1), In the first prdposall the bearh is made to spiral
" slowly outwards right up fo the edge of the focusing region, Aftér the or-
bit has been expanded the kicker magnet is fully energlzed in a time in-
terval shorter than the revolution period.

The fast rise in time requirement of the magnetic field in the ki-
. cker magnet leads to many difficult i:echnOIOgical problems; therefore,
such a deflecting’ device is placed at the edge of the focusing region, in
order to reduce the deflection angle to a value-as: small as poss1ble.

This ejection mechanism has been considered by several au’chors2
and has been increasingly improved in recent vyearsl -12.
A considerable reduction in size of the deflection angle required is .
, pos_‘siblye by.firstb producing a distortion (""bump") of the equilibrium or-
,bitlz, so that the beam can be deflected more easily into the iapertu're of a
final extraction magnet with septum (fig. 2)

Single bunch ejection'has been achieved, and 19 bunches out of the
20 circulating can be ezs:’crac"uedl2 ‘from the CERN Proton Synchrotron, lea-
ving the remaining circulating bunches still una.ffected by exciting the ki-

cker magnet with 'rectangula r' ' pulses havmg rise and fall tlmes
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shorter than the time interval between the passage of two particle bun-

ches,

2, Linac-like burst techniques

The first regenerative deflection system - a narrow peeler -was
opera’cing'13 for a Betaltrvon, and essentially the same magnetic disconti~
nuity was first proposed15 to extract the beam from the Brookhaven Cos-
motron, atthe time when this Machine was under construction, Mearwhi-
le, the use of a first/‘harmonic field inhomogeneity was proposedl4 for
the 300 MeV Electron Synchrotron at the MIT, and the effect of such a
perturbation has been studiedlg for applicatioﬁ to UCRL's 320 MeV Elec-
tron Synchrbtron. These two methods appear to be basically different,
but it was shown18 that the’re is no essential difference between.them
so far as the resonant condition attained for the radial betatron oscilla-
tions is concerned,

To prove this, let us first of all. cohsider briefly what happens
in a Synchrocyclotron when the particles are captured into a:motion thro-
ugh a regenerative deflecting structurels"”.

In an unperturbed Synchrocyclotron, the Q@ r value (that is, the
number of radial betatron oscillations per revolution executed by the
particle about the circular synchronous orbit) is slightly less than 1 , be-

cause of the very small field index ''n'"' value of the guide field. The be-
tatron oscillations of the individual particles are notoriously not cohe-
rent, so that all possible phases of oscillation exist within the circula-
ting beam.,

The regenerative deflector consists (fig., 3a) of two narrow and
strong pertufbations of the field gradient, spaced about 90° in azimuth,
called ""peeler' (where nd)> 1) and "'regenerator' (where n<<-1),
so that the beam passes alternatively - as in an alternating gradient
system - through strong defocusing and focusing lenses, and is deflected

alternatively outward and inward,

The whole system is designed to build up the radial oscillations
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and to deliver them to a magnetic channel, maintaining limited at the sa-
" me time the vertical oscillation amplitude,

As a particle passes through the regenerative system, a phase
change is introduced in the radial oscillations (fig. 3a), so that the fre-
quency of all oscillatic?nsbecomes closér and closer to.value 1, and the
field gradient pattern in these asymptotic conditions rep'eats itself iden-
tically in each turn, Another consequence of the peeler-regenerator ac-
tion consists in an increase in amplitude of thek radial oscillations; this
action, repeated at the same phase of the oscillatory motion in successi-
ve revolutions, results in a rapid resonant build-up of amplitude. |

" If non linearities of the field are everywhere: negli gible, the
simple matrix fc‘orma.lisml'7 permits one to study the regenerative pro-
cess: It is found that after h revoiutions, the radial oscillation x(©) in
the unperturbed azimuthal gaps behaves, in first approximation, -as fol-

lows:
“1)  x(6) = Aexp(h)) sin(Q_©+8)+B exp(-hA)sin(Q,0 - )
Q.= Vin' , ogegésr ),

where A and B depend on the initial conditions ( A and § are functions
.of the éystem parameters only), ‘

In addition, it has been -shown18 that this resonance in Synchro-
-cyclotrons is driven essentially by the second harmonic component of
such an azimuthally variable field index.

Fig., 3b shows the distributed action of this Fourier component:
the periodicity of the oscillations shrinks to the value 23T, while the am-
plitude grows continuously. Under these circumstances,  the first appro‘-.

ximation solution of the radial motion equation is
:2) x(0) = A exp(cl ©) sin(6+39)’+ B exp(-o¢©) sin(© ..bo )
(0& ©ZLeoo),

where again ¢¢ and 39 are functions of the system parameters only. .

Eq. 2) is equivalent to Eq. 1) because Q, ?1.
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Similar conclusions hold also for Synchrotrons: if the field index
n value is near to 3/4, the Q,. value is close to 1/2; for this case the be-
haviour of the radial oscillations in the presence of a strong and narrow
peeler21 is shown in fig, 4a; equation 1) holds., The harmonic component
of such an azimuthally variable field index responsible for the resonant
build up of the amplitude is the first. one18 (ﬁ;;r. 4b). Under these half-
-integer resonance conditions, the first approximation solution of the ra-

dial motion equation is

3) x(8) = Aexp(ad©) sin(-é— 6+50)+B exp(- oy ©) sin(-;-e - ff ),

(0 6K o0)

equivalent to eq. 1) for Q, = 1/2 .

Finally, it has been pointed out‘19 that a first harmonic variation
in the guide field in Synchrotrons causes not only the addition of a forecing
term (far from the resonance) in the equation of motion: when Q, & 1/2
builci-up of amplitudes can also occur, thanks to the presence of a first
harmonic variation in the linear restoring.term. Omitting the forcing
term whichb cannot contribute to amplitude growth, the resulting (Mathieu

type) equation becomes

4) %’é +[Qii -§cosO ] x =0,
whose first order solution, when Qr £ 1/2, is just eq. 3).

The use of a first harmonic component in the guide field was ini-
tially proposed19 with a view to obtaining short bursts from UCRL's 320
MeV. Electron Synchrotron, and a first harmonic perturbation of the field
gradient was successfully employedzo’ 22 for resonant fast ejection from
the 70 MeV Iowa State College Electron Synchrotron. A similar system
i‘s used24 for the Synchrophasotron at Dubna.

b4

The extension? 3 of this analytical treatment to cover the cases
of both the Racetracks and Alternating Gradient Machines. is quite sim-
ple, if the smooth approximation technique is adopted. Suppose the Qr

value approaches mi/ 2 , with m integer, either odd or even, A linear
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.'half-integer _reéonance occurs when. a perturbatibh in the field gradients
- lattice is'introduced, periodic invazimuth,'fhaving the form g cosm®,

The equation of the radial betétron oscillations is

.o~ *
(QI‘ = m/Z),
and the first order solution of this Mathieu equation is
8) x(©) = Aexp(cla 6) sin (%1-6 +y)+3exp(-oo_e) sin(—?e - y ).

Casesm =1andm = 2 belong to the Weék focﬁsing Synchrqtrons
and to the Synchrocyclotrons, respectively. - ' | |
At this point it is of mtefest to note the essential features. of the
above described half—'infeger resonance ejection scheme:
a) The oscillations tend towé.rd a constant phasé’\}alue determined orily |
by the physical parameters inherent in the system, |
b) The oscillations grow exponentially, wpa_,tevér-'the initial amplitude
value. This meané that, as.soon as the perturbation is introduced,
all oscill‘atiohs become unstable simultaneously,
¢) If m is odd, there is a unique stationary behaviour of oscillations, -
represented by the first term of equation 8) (see also figs, 4a, 4b).
If m is even, we see that there are twd diéiinét stationary oscilla-
tions opposite in phasé, depending on whether.the: arbitrary constant
A is positive or negative. F
‘A single quadrupole l‘ensz.1 » placed in‘a straight section of a
weak focusing or strong focusing Machine, fnay: be used to-ibrin'g the
oscillations to this linear half-integer r_ésonanc’e: the zero-th Fourier
“harmonic of the Quadi*upole strength acts in changing the Q , value up
to approaching m/ 2,.iwhiie~ the perturbation € cosm© is created by

their m th harmonic.

3. Long burst techniques

Long burst ejection is possib]:e,by setting up a controlled non
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linear resonance condition .

For the sake of simplicity and clearness we shall conf.ine our-
selves only to the radial motion,

Non linear resonances’ 3 occur when the perturbations in-
troduced into the field gradients lattice are not only periodic in azimuth,
but also depend on the displacement from the equilibrium orbit; the
resulting motion equation is therefore a non linear one.

In the smooth approximation., where sinusoidal betatron oscil-

lations are assumed, the equations of motion describing such a reso-

nant situation take the forms

7) d2x 9 y/
sk -+ =
15 Qr X g‘a x cos(moO),
where ' Qr = 'm/p (m and p integers)

even, if p is odd
<
2< ¢ <odd, if pis even .

For investigating the behaviour of the oscillations one may
adopt the well-known Krylov and Bogoliubov linearization procedure, -
The results of such an analysis are the following:

a) If the amplitude is sufficiently small, stability of motion is maintai-
ned.

b) If the amplitude exceeds a limiting value (determined by the distance
of Qr from the resonance m/p value and by the perturbation strength
'92 ) the motion becomes unstable, Once an oscillation becomes:
unstable, growth rates become larger than may be achieved by ma-
king use of a linear resonance,. and the phases of each oscillation
tend towards a common asymptotic behaviour.

Slow spill operation can therefore be accomplished as follows:
after the beam has reached the desired energy, the magnetic perturba-
tion is introduced, but all the particle oscillations remain limited sin-
ce their amplitudes are sufficiently small,

The critical amplitude vaiue (the separatrix between stable and
unstable. solutions) can then be caused to decrease slowly to zero by

gradually approaching the Q. value to m/p, so that the particles are
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squeezed out sequentially and the spill-out can be spread over a long
time,
Let us now first consider how the problem of obtaining a slow

external beam has been solved at the CERN P834

(fig. '5), For such a
Synchrotron the Q-r value is ghifted near the 6 resonance (m = 6 and

p =1.in eq. 7) by means of a quadrupole lens, and the perturbation is
produced by six of the existing séxtupole lenses distributed around the
fing, and excited to give the required sixth-harmonic (m = 6) azimuthal
variation of the sextupole.moment (1 = 2 in eq..7). Besides, the sextﬁ-
pole pertux:bat‘ion introduces a variationr of Qr with radius across the

- gap. Thus, at the end of the acceleration cycle, with the quadrupole
-and sextupoie perturbations turned on and the R.F. off, the beam ‘spi-.
rals smoothly outwards (B < 0) f;owards the resonance radius (Q,.->6).
It should be emphasized here that this non-linéar integer (p = 1) reso-
nance may be generated only-by a single lens containing both a qixadru-_
‘pole and a sextupole field component: such a magnetic discon‘tinu_ity
contains all the azimuthal harmonics, so that by tuning the Qr value

to 6, the resonance condition is fulfilled by the term @zxzc'os(b?e)._ .

In fact, a single non linear element ('a Robinson current strip ).
has been employed to eject the electron beam from the CEA35, and the
same non linear perturbation is used for the DESYSG. The resonancé
chosen is the half-integer one at Q. = 6+1/2 (m = 13 and p = 2 in eq. 7).
The field of an octupole lens (1 = 3 in eq. 7) may be able to create
the reéonance»situation_ (fig. 6). However, both the shift of the beta-
tron ;>scillation frequency Q,. to the appropriate value 13/2 and the
13 th Rarmonic variation of the octupole moment requirements are
simultaneously satisfied by the magnetic field shape of the current
strip ( fig. 7).

The strip, placed inside the equilibrium orbit in a straight
section, acts as a r‘egerierati-ve (i. e, focusing) element. Because of
'the strong non linearity created by the strip, deflection of a particle
is considerable only if its displacement from the equilibrium orbit is

inward, -



As long as the equilibrium orbit is close to the central orbit,
Q, is far from the resonance value and the betatron oscillation ampli-
tudes are sufficiently small, Therefore, the perturbing element is una-
ble to bring the betatron oscillations into resonance. When the electrons
are caused to fall out of synchronism with the R.F. system (by slowly
reducing the R, F', peai{ voltage) their equilibrium orbits contract, so
thét the strip action becomes increasingly more powerful: when the
equilibrium orbit contracts due to energy loss, Qr tends toward the re-
sonance value, and the "octupole' perturbation causes the betatron
oscillations to grow rapidly, as soon as instability conditions are rea-
ched, |

Another way of accomplisﬁing the slow approach to the strip
field in the CEA consists in producing a distortion (bump) of the equi-
librium orbit38.' It should be noted that there exist relationships which
make possible the calculation of the distorfed orbit as a function of the
guide field disturbance also for the 4-séctor weak focusing Synchro-
trons39.

" Third integer non linear resonances (p = 3 in eq. 7) are emplo-~

yed for slow ejection from the weak focusing Frascati Electron Synchro-

tronzs’ 40, 41 and the weak focusing, PPA42—44 (fig. 8), as well as from
the Brookhaven AGS45('fig. 9).

At the Frascati Electron Synchrotron a second harmonic (m = 2
in eq. 7) in the radial gradient of the field index (1 = 2 in eq, 7) is intro-
duced to excite the oscillations, Since the radius where Q,. approach
2/3 is inside, the electrons are extracted by allowing the beam to spi-
-ral inward,

| - The same Q'r = 2/3 resonance was successfully44 employed for
ejection from the PPA, Both the tuning of Q.. to this resonance and the
production of a second harmonic pattern of the sextupole moment, which
is required to excite the oscillations, are accomplished with four cur-
rent-sheet magnets(modified sextupole magnets), spaced 90° apart,
and placed in short straight sections around the Accelerator, The two

combined functions (i. e. those of a quadrupole perturbation and of a
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sextupole perturbation periodic in azimuth) are simultaneously carried
out by a suitable current-flow configuration in these four current-sheet
magnets. Moreover, the amplitude of unstable betatron oscillations is
caused to grow in an exponential mannerzs' by softening the sextupole
field component to a constant gradient field at the edges (fig. 10)., Thus,
once the oscillations amplitude is large, the resonance is driven by
the nonlinear term gl xl cos20

For such a Synchrotron the procedure for slow extraction con-
sist in turning on the "sextupole'' field component, then in adjusting
the quadrupole field component to gradually approach the resonance,

The ejection system recently proposed for the Brookhaven AGS’
employs the 8+2/3 resonance (m =26 in eq. 7). F(;ur sextupoles (1 = 2
in eq. 7), placed symmetrically'in four straight sections around the
Machine are energized with alternater polarities to provide the 26 th
azimuthgl harmonic in the sextupole perturbation (fig. 9). Since at all
energies the radius where Qr is equal to 8+2 / 3 remains close to the

centre of the aperture, no quadrupole adjustments are required.

4, Conclusion

We have seen that the few slow ejection systems existing today
are based on integer, half-integer, or third-integer non linear reso-
nances. At present it would be very difficult to.compare the merits of
each scheme, since they are subject to rapid variations and improve-
ments46. .However, the systems mentioned. above may facilitate the

_choice of the most appropriate set of linear and non-linear elements
| for every Synchrotrc;n. In practice, when designing the proper non-li-.
near perturbations, there maj exist di_fficultiés on account of the small
number and shortrlength of the straight sections avéiiable, or even o-
wing to the limited current-carrying capacity of the existing pole face
windings on the Sync’hr.otronmagnet, or, else, due to problems connec-

ted with the stability of the vertical betatron motion.
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AnyWay, two sextupoles, placed at fhe opposite end cf a diame-
ter of the ring, and exc?‘.ted with appropriate polarities to produce‘the
right Fourier harmonics, would in principle be sufficient for éjecting
the beam from all the existing strong a.nd weak 'f'ccus-ing Synchrotrons

working in the neighbourhood of a third-integer resonance,
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FIG, 5 - A particle oscillation in CPS during slow ejection
(schematic, magnification of amplitude not represented) un
der the influence of an azimuthal sixth-harmonic in the
sextupole perturbation,
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FIG, 6 - Qualitative behaviour of the radial betatron oscillation
in the half-integer non linear resonance ejection used at the
CEA, An octupole lens may be used to excite the oscillations,

The 13th harmonic component of such a perturbation is also
represented,
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FIG, 7 - Shape of the magnetic field (on the median plane)
generated by a current strip. Dotted curve: octupole field,
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FIG. 8 - Orbit of a circulating particle during the 2/3 resonance
ejection, Sextupole lenses (P and R) refer to the PPA, /2 wide
sextupole fields (p and r) refer to the Frascati Electron-Synchro

tron,

FIG. 9 - Orbit of a circulating particle during the 8+2/3

resonance ejection,
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FIG, 10 - Sextupole field and "modified" sextupole field on

the median plane,
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