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Abstract
Transverse beam dynamics problems in a recirculating linac and synchrotron ra-

diation effects in beam transport lines are briefly summarized. A broad outline of a
CEBAF like accelerator capable of producing electron beams with energies of up to
15-20 GeV is given.

1. INTRODUCTION

Last year, a possible extension to 12 GeV of the 4 GeV project has been considered
[I]. In order to minimize the total cost of this high energy complex while satisfying
the desired performances : (AE/E)FWHM = 10~3, (f )90% = 10~7 m.rd, J = 30^A, a
recirculator system allowing up to 10 passes in the linac has been proposed.

Recently, electron beams with energies of up to 20 GeV and with an energy spread
(FWHM) of 5.10~4 at 10 GeV have been contemplated. In this new context, new
problems arose and many efforts have been directed towards a better understanding of
their origin and of their consequences.

The purpose of this paper is thus twofold :
• first, it is to review briefly some problems associated with the design of a high

energy recirculating accelerator.
• second, it is to give a broad outline of a CEBAF like machine capable of producing

electron beams in the 10-20 GeV energy region with the above-mentioned performances.

2. REVIEW OF SOME PROBLEMS ASSOCIATED WITH THE DESIGN
OF A HIGH ENERGY RECIRCULATING ACCELERATOR

2.1. Transverse beam dynamics in the linac
A superconducting linac is composed of cryogenic modules separated by warm

sections containing focusing quadrupoles, steering dipoles and beam position monitors.
When many beams with very different energies travel at the same time through

this linac, 2 specific constraints are imposed :
• the control system must be able to measure and to correct the trajectory of each

beam individually.



• the focusing system must be strong enough to control the envelope (/^-functions)
of these different energy beams.

Strategies for controlling the envelope and the central orbit have been studied and
proposed at CEBAF [2]. One possibility is to adjust the quadrupoles and correction
dipoles field for the 1st pass so as to obtain a stable and strong focused low energy beam
and to compensate for static perturbations resulting from residual fields, misalignments
of quadrupoles, cavities... .

This compensation is then still valid for the higher energy passes (in fact there
are small additional effects : see [2]) because both perturbing and correction fields
effects have a l/E energy dependence [3]. Eventual further corrections of higher passes
are therefore limited to an optimization of the injection angle and position at the linac
entrance by means of correction dipoles located in regions where the beams are separated
(recombiners).

Evidently, the accuracy of these adjustments depends on the linac acceptance
which becomes smaller and smaller at each reinjection because the focusing effect of
quadrupoles adjusted for the Is ' pass decreases as the energy goes up.

Therefore, in order to obtain a reasonable precision (i.e. acceptance) for the in-
jection angle together with a large number of passes, 2 cures are necessary : increase
the injection energy or increase focusing (by reducing for instance the length of FODO
cells).

2.2. Transverse and longitudinal emittance growth due to synchrotron
radiation in the arcs. Consequences for the lattice design
As they travel along a beam une containing many bending magnets electrons lose

energy in the form of synchrotron radiation. This radiation may be very important
at high energy and degrade strongly the beam qualities (transverse emittance, energy
spread) because the energy loss of each particle differs from the average as a consequence
of statistical fluctuations in the number and energy of the emitted photons.

For a 180° turn through an arc, the average relative energy loss AE /E and the
induced relative energy spread aE/E are classically given by :
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7 being the Lorentz factor and p (in meters) the dipole bending radius.
Using the circular machine results, the transverse emittance growth is traditionally

supposed to be given by :

(m.rd) (2)

where (H) is a lattice function defined as :
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D1 D' being the dispersion function and its slope.
These expressions show that if beam perturbations can be negligible at low or

medium energy (even for relatively small bending radius), they can be very important
at high energy.

Evidently, one way to avoid problems associated with synchrotron radiation is
to design huge arcs containing many dipoles with a large bending radius. This is still
possible at medium energy but this is certainly a very expensive solution at high energy.
For instance, the above formulas show that when the energy is increased by a factor
4, the bending radius must be increased by a factor 42 5 = 32 to maintain the same
relative energy spread.

From these first reflexions, it follows that the effect of synchrotron radiation must
be carefully investigated and taken into account at high energy in order to optimize the
arcs design and to achieve the desired performances.

2.2.1. Transverse motion
Using the beam matrix formalism, a collection of particles in the {X, X') phase

space can be represented by :

:2(s) x{s)X'(s)

~a(s) 7 (S ) J [x(s)X'(s) X'*(s)

where the symbol * denotes an average over the particle distribution.
Introducing the local change of the betatron coordinates due to one photon emis-

sion,

E being the energy of the considered particle and e the photon energy, the a—matrix
change over one arc can be written as follows :

Aa(sF) = T{sF <= O)G(O, sF)f(sF <= 0) (5)

where, T, T are the transfer matrix of the system and its transpose and G is a betatron
diffusion matrix which describes the synchrotron radiation effect.

Without entering into the details of calculations (see [4]), the result of this approach
leads to the following conclusions.

If the arc is composed of n identical and achromatic cells (same transfer matrix M)
so that Tarc = Mn = [J], then :

• the ellipse associated with the emittance AS/TT induced by synchrotron radiation
is matched to the Twiss ellipse of the structure at the exit.

• the emittance growth is proportional to the integral of the 1H function generally
used for circular machines.

• in addition, if the arc is composed of 2 symmetrical subsystems represented by :



1T2 = [I] (6)

then, an initially centered beam is also centered at the exit of the arc.

2.2.2. Longitudinal motion
A similar approach has been developed to investigate the effect of synchrotron

radiation on the longitudinal emittance [5]. It has shown that in the most general case,
synchrotron radiation induces a bunch lengthening which is proportional to the induced
energy spread and which is eventually enhanced by transverse motion.

Here again, having in mind that the bunch length induces an additional energy
spread in the linac, the optical structure of the recirculation beam lines must be opti-
mized in order to minimize this lengthening. For instance :

• if the structure is achromatic, then the emittance growth does not depend on
transverse motion.

• if, in addition, the structure is symmetric and isochronous, then the output ellipse
is erect and therefore the bunch has a minimum length.

2.3. Summary
Numerous problems must be taken into account to optimize the design of a high en-

ergy machine and to achieve the desired performances, those that have been mentioned
but also : collective effects (BBU), recombiner and spreader geometry, sensitivity to
errors...

Since their importance generally increases as the number of recirculation goes up, a
small number of passes seems to be preferable unless strong cost considerations impose
the contrary.

3. OUTLINE OF A 15-20 GeV CEBAF LIKE MACHINE

As mentioned above, the second purpose of this paper is to give a broad outline
of a 15-20 GeV machine. This is not very easy because most basic specifications are
not yet well defined : maximum energy, emittance, energy spread, intensity, repetition
frequency, number of simultaneous beams...

In addition, main features of such a machine depend strongly on some essential
choices which should be imposed by cost optimization and by superconducting radio
frequency technology capabilities (accelerating gradient value, number of passes) or by
construction options (1 or 2 stages).

Nevertheless, from some preliminary values suggested by J.M. Laget [6], we can
imagine the following specifications :

Maximum energy gain : Emaz = 18GeV
AE/E = 5 10"4 at 10 GeV

Energy spread of the output beam (FWHM) : _4 /E G e V \ 2 *
AE/E = 5 10 {

at higher energies



Then, assuming an accelerating gradient G of 10 MeV/m and a number of passes
iV equal to 5, the main parameters of a possible machine could be the following :
Linac

Energy : AE = &ff*- = 3.6 GeV.
Length : L = £f*f- = 900 m with F (filling factor) = 1/2.5.

Arcs
Maximum bending radius in dipoles :
Maximum field in dipoles :
Physical radius :

Machine circumference
One pass length :

P =
B =
R=

£~

45 m
= 1.2 T
120 m

2000 m

4. CONCLUSION

Necessary conditions for controlling beam stability and for minimizing transverse
and longitudinal emittance growth due to synchrotron radiation in a recirculating ac-
celerator have been identified.

It is interesting to notice here that they are all fulfilled in the case of the CEBAF
design. Therefore, a CEBAF like configuration offers all the best promises for producing
high energy electrons (10-20 GeV) with minimal degradation of beam qualities.
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