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Summary

The energy available from a superconducting linear
electron accelerator (SCA) may be increased many times
by means of an economical multi-orbit recirculation
system, which preserves the most desirable charaﬁteri-
gtics of the SCA: good energy resolution {~ 10
high current and unity duty cycle. Furthermore, these
properties of the SCA and its excellent emittance
considerably sluplify the design of the transport sys-
tem and minimize aperture requirements. In crder to
maintain energy resolution each orbit of the recircu-
lation system must be isochronous with respect to all
phase space variables and beams must be reinjected in-
to the linac precisely at the correct phase. These
conditions have been achieved in a compact separasted
orbilt design which uses multi-channel uniform field
bending magnets, It is suggested that such a device
be called a recyclotron. At HEPL a prototype 4 orbit
recirculaticn system is being planned as part of the
SCA program. Cost estimates for machines of this type
have been made end show considerable advantage over
other types of accelerstor, especially &t very high
energies. The configuration also shows promise as an
intermediate energy, high current accelerstor, which
could provide a source for a medical pion therapy
facility.

Introduction

The superconducting linac is the ideal accelera-
ting element for a multi-orbit recirculating accelera-
tor, having unit duty factor, smsll beam phase space
and high current capaebility. To teke full adventage
of thils, a new type of recirculation system has been
devisedi utilizing a novel multichannel bending magnet.
At low energles, the system has festures in common
with the race-track micrctron, but the main magnets
are an crder of magnitude cheaper> and the final energy
resolution is si gnificantly better. At high energies
it is similar to the "mesotron" nl but 1s more flexible
and capable of having a greater number of orbits.

The principle of the multichannel bending magnet
is illustrated schematically 1n fig., 1. In this example
the windings of the coll are split into four groups in
such a way that flux passing through the first channel
of the megnet links only cne quarter (approximately)
of the ampere-turns, The flux in the second channel
links half the smpere-turns and so on. Thus the field
in each channel 1s independent and may be separately
varied. In comparison with a simple rece-track micro-
tron magnet, at finel energies greater then 400 MeV,
this arraggement saveg at least an order of magnitude
in weight® (at 600 MeV, 230 tons compared tc 6 tons),
and has a fleld uniformity at lesst 100 times better.
Purthermore the coptics of each orbit zre independent.
In & very high energy recirculeting machine, wmany in-
dependent channels may be built using the same amount
of copper and the same power as would be required for
the highest energy channel alone.
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Ideally beam optics may be arrangedlin such a way
that the overall transport wmatrix for eech orbit is
identlicelly unity in first order. Second order effects
are normally negligible, This condltion may easily
be achieved with eleven or less quadrupoles per orbit.
Hence the complete recirculaeting machine is equivalent
to a continucus superconducting llnac, whose filne
energy resolution,duty cycle and emittance may be
preserved. The chief uncertainty at present 1s the
pessibility of beam-beam and besm-structure-beam
interactions although these are not expected to be
serious.

Prototype Recirculation Scheme at HEPL

It is intended to study the feasibility of re~
circulation at the HEPL superconducting accelerator
(SCA) by building & prototype system inside the SCA
tunnel as shown in fig, 2. This system will use a
single multi-channel magnet at each end, the dimensions
of the tunnel being such that a final orbit energy of
550 MeV would require a magnetic field of 18 kgeuss.

The prototype system will not be 1sochronous with
respect to momentum but it 1s possible to compensate
this effect by a sultable choice of the r.f, accelera-
ting phase for each orbit.

Details of Proposed System

The design is based on the expectation of 9 MeV
from the pre-accelerator, giving initislly a first
orbit energy of 76 MeV with an energy increment of 67
MeV per orbit. 76 MeV is sufficient energy to provide
an emittance of < 0.1 mm mr as reguired by the avail-
lable apertures,

The ccmplete system is shown schematically in
fig. 2 with details of the orbit separastion in fig. 3.
Constant orbit separaticn is achieved by allowing the
nth orbit beam to pass through n equally spaced,
equal strength bending magnets. This arrangement gives
equel orbit separation with the minimum number of mag-
nets. The total deflection of each crbit is 15°, The
beams then enter the multichannel magnet where they
are bent through a further 145°,

The ortit separstion must be approximstely equal
to i /QT where n 1s an integer and l = 23 cm
is the 5£velength of the rf system. The vallied n = 2
is chosen to give an orbit separation of ~ 7.6 cm .
For convenience the multichennel megnet is therefore
designed with & chennel separation of exactly 3.0C0".
This separation is the minimum which will allow se-
parate quadrupoles and steering coils to be placed on
each orbit., The ortit splitting arrangement asuto-
matically allows one to extrzct the beam at any orbit
as shown.



The beams are brought together again and reinjected
into the linac by a system which 1s a mirror image of
fig. 3, at the SCA filter, as shown in fig. 2. This
filter which is used to analyze the beam from the
injector and to modify the longitudinal and transverse
phase space as required contains four bending magnets.
The last of these magnets bends the 9 MeV beam 30°cnto
the SCA axis, and forms a convenlent point st which to
reinject the recirculated besms. This last megnet will
bend the 76 MeV orbit 3.55°. In order to make the re-
injection system achromatic to all orders, thils magnet
will be the last of & set of four which will form a
vertical chicane, To compensate for the horizontal
focussing of this section, 1t 1s proposed to build a
horizontal, but otherwise identical chicane in front
of the first beam separetion magnet. Now if the over-
all transport matrix of each orbilt is arranged to be
that of a negative drift such that the two chicanes
are optlcally superimposed,the beams will experience
equal horizontal and vertical focussing between ac-
celerations at all energies. Another important ad-
ventage of thils negative drift conditlion is that the
orbits may be tilted at an arbitrary angle with respect

to the horizontal,

The necessary cpticel properties of each orblt are
achieved as follows. The first quadrupole 1ls adjusted
so that at the exit of the wultichannel msgnet, the
path is independent of initial horizontal displacement
and the cosine-like trajectory and off-momentum-~tra- 6
jectory sre parallel. (In the langusge of TRANSPORT:

R, =90, R /R2 = R, /R.. .} The next peir of quadru-
pé&ésfocuse%lthelbeam n ggth dimensions at the center
of the orbit (R,, = = 0), while the quadrupoles

at that point d%ggonai%ze the matrix. (R ,=R.= 0.)
At the center of each orblt, the transpor% matr&; is
therefcre of the form:

Matrix (Coordinates)
(Mx 0, - - - C x
o M- - - o x'
X
- - M 0 - - y
v 1

- - 0 M - - !

., y
0O A - - 1 B 8¢ (or &z)
- - - - - 1] &p/p

where the constants are arbitrary.

The second half of the orbit is a mirror image of
the first half, Hence it can be shown that the overall
orbit matrix 1s unlity with the exception of the term
R.-- the dependence of path length (or rf phase) on
mofentun. From the entrance of the first separation
magnet to the exit of the last recombination magnet,
tke transport matrix corresponds to the required ne-
gative drift:

-
FI -L - - - 0

0 1 - - - 0

- - 1 -L - -

- - 0 1 - -

0 0 - - 1 2B

- - - - - 1
— .
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Multiple scattering of the beems due tc residusl
air in the system must be taken into account. At 76
MeV, in an orbit of length 72 m, calculations with
TRANSPCORT shcw that a vacuum pressure of 2 X 107
is adequate. This pressure will be achileved with
diffusion pumps. Welded vacuum chambers are needed
at the separation magnets, while the multichannel
magnets form thelr own vacuum chambers.
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Path length varistion is provided for each orbit
to sllow fine adjustment of accelerating phase and
compensation for thermel expansion. This is achieved
by means of the horizontal steering coils placed at the
entrance and exit of each multichsnnel magnet. FBach
pair of colls is located at conjugate points of unit
magnification so that the deviation introduced by the
Tirst coil mey be exactly cancelled at the second.

Path length variation of at least # 1 cm (* 16°) is
possible,

Phese Stabllity

For the ideel unit matrix recirculation system,
the problem of phase stability is identical to thet of
a continuous linsc., However in the prototype system,
the accelerating phase at reinjection depends on momen-
tum. This is not difficult to correct., Figure 4 11-
lustrates how this might be achieved for two orbits
and three accelerations. The initial erect phese space
ellipse as shown 1s about a factor of two larger in
area than the best measured at 9 MeV. The energy gain
of 80 MeV per pass is chosen purely for convenience
in calculeticn., The phase for the first acceleration
Al , 1s chosen to sheasr the ellipse counter clockwise
as shown. The effect of the first recirculstion, R1,
is then to tilt the ellipse further until it is re-
flected about the ordinaste (8f = - 0.8 SE/E for each
orbit). The second acceleration A2, takes place at
& phase such that the maximum energy excursion becomes
8E = 40 keV. Thus 8E/E for each orbit is the same.
The second recirculation R2 again reverses the el-
lipse and the third acceleration A3 reforms the
original erect ellipse, For continual ascceleration,
the period of phese stable oscillations is thus two
orbits, Typlecal accelerating phases are in the region

- 2% %0 - 4°,

With this mode of operation snd to first order
the final absolute energy spread from the machine is
no larger than the criginal spread. The process is
modified and limited however, by the curvature of theO
cosine accelerating wave. At a phase spreed of * 0.5,
this effect is not large and it is eﬁpected that a
final energy spread of AE/E ~ 10™% should be at-
tainable.

Multichannel Magnets

The multichannel magnets are an essential part of
the recirculation system. Each magnet as planned con-
sists of four 165 circular channels of uniform field,
each of which is independently adjustable. A plen of
the magnet is shown in fig. 3 and its cross section
and dimensions in fi1g. 5. Each gep is 15.24 um
(0.600"). 1Ideally one weould like to design the magnet
as a "window frame," but 1t was thought advisable to
remove the coils from the plane of the beem. The
currents in the coils 1,2,3,4 {Fig. 5) are independent
80 that the field strengths are to good approximation
independently adjustable provided they ere set up in
order of decreasing field as they would be in practice.
This description wculd be exactly true for infinitely
permeable iron. In practice, varying the current in
coil 4, for instance, not only changes the fleld in



the fourth channel but also changes the flux denaity

in the iron which edversely affects the fields in the
other channels. Typlcally a 1% change in the current
of coil Lk, at 18 kgauss, causes a decrease in field

of ~ 0.02% in the other channels., Figure & shows the
flux distribution as calculated by the program TRIM

for an early design (3 channel) of the prototype magnet.
The uniformity of the field in each chennel &s more
than adequate being better than 1 part in 10™ over at

least £ 5 mm.

It should be pointed out that there are other
possible configurations for a multichannel magnet. For
instance, one could use & simple coil with a staggered
gap. Such a magnet would however have a very poor
field uniformity and be very inflexible, TFor a fixed
energy machine, it would be advantageous to medify
the present deslgn, which requires significently 4if-
ferent ampere turns for each coil, by adjusting the gap
and number of turns for esch channel so thet the colils
could be connected directly in series.

Cost Comperison With Competitive Accelerators

Detalled cost estimates for recyclotrons have
been made in the intermediste and high energy regions.
In the renge from 500 MeV to 1 GeV the machine is
considerably cheaper than other accelerators, in par-
ticular the race-track microtron, and is capable of
better beem quality, while at energles greester than
30 GeV it is cheaper than sll other competitors. In
the range 1 - 30 GeV the synchrotron may be cheaper
btut one should remember that the recyclotron has &
current capacity ~ 100 times greater.

Figure 7 shows cost estimstes up to 900 MeV for
the superconducting linac,conventional linac, race-
track microtron {RTM) and recyclotron. The latter
two machines are assumed to be based on a superconduc-

ting accelerating section but in principle this element

could be & conventlonasl linsc, provided pulse lengths
are sufficlent, as in that suggested by Nunan and
Wilson. This veriation would reduce the cost of the
recyclotron more than that of the RIM.
is besed on an energy gradient of 2 MeV/ft and cost of
$ 10,000/ft, (All costs include every necessary pert
of the machine except the building and real estate).
Estimates for the RTM, ere baesed on an energy gain of
27 MbV/crbit. Its cost is dominated by that of the
magnet whose volume increases ss the third power of
the energy. Cost of the recyclotron is calculated

for various numbers or orbits. Above 500 MeV, where

a high current electron accelerator 8ight be useful

z8 a source for a plon therapy unilt,” the recyclotron
becomes considerably cheaper than the RIM.

For energles above 10 GeV (Fig. 8), cost esti-
mates for other machines are taken from Crowley-Mil-
ling.:LO In this range, the optimum number of orbits
for the recyclotron 1s between 8 and 10 for all ener-
gles. FEight orbits are chosen for the calculation
since an 8 channel magnet is probably near the practl-
cel limlt. Synchrotron radiation is allowed for by
limiting the magnetic fields so that the energy spread
due to this effect does not exceed one part in 1000.
Actual radiastion energy loss per orbit can be quite

lerge in this type of machine which is the basle reason

that it is so much cheaper than the synchrotron. In
principle there is no reason why & high energy re-
cyclotron with suitable injector, should not be used
to eccelerate protons. It might also find application
as a self-injecting storage ring.

Cost of the SCA

10.

Fig. 1.

References

Work supported by National Science Foundation
Grant No., 28299.

R. E. Rand, HEPL Technical Report No. TN-72-2,
{stanford University, 1972).

B, H. Wiik and P. B. Wilson, HEPL Report No. 537
(Stanford University, 1967).

University of Illinois, Urbana, Accelerator Study
Group, private communication. [The racetrack
microtron magnet design of G. A. Peterson, {Mucl.
Instr. snd Meth. 61, 3k7, 1968) would save a
factor of 2 in weight over the Illinois design,
but it would not necessarily be cheaper. ]

G. Bathow, E. Freytag and H. 0. Wuster, DESY 68/
58, (19683.

L. R. Suelzle, These Proceedings, Paper B-1.

X. L. Brown end S. K. Howry, SLAC 91 (Stanford
University, 1970).

J. 8. Colonius, UCRL 18439 (Berkeley, Californis,
(1968) .

C. S. Nunan and P, B, Wilson, These Proceedings,
Paper M-1k,

D. Boyd, W. M, Fairbank, H., A. Schwettman, J.
Simpson, These Proceedings, Paper M-12,

M. C. Crowley-Milling, Daresbury Study Weekend
No. 4, Ed A. Donnechie, DNPL/R19, p. 219 (1971).

CHANNEL

Principle of multichannel bending

magnet.

940



e e T ‘A;' ‘
3 SECTION o A gsecon
S ; T W —
a B o o A o A
3 i ¥
“ =Y ) Q.HY! } I“ S .Q.HY
3 . R e - '
‘ ! Q - QUADRUPCLE B -
G ! =
LEGEND . LORZONTAL STEZRING
V- WERTICAL $TE S
S - SCREENS OR MONITORS
Fig. 2. Schematic layout of prototype re-
circulation system.
B 15° HORIZONTAL CHICANE
o B s T e W S | —
,,,,,,, SR S | s DO st = e Wl e
I e W B B N

Tl

d

=] 2] B

LEGEND

8- BENDING MAGNET

Q- QUADRUPGLE

H - HORIZONTAL STEERING COIL
V-~ VERTICAL STEERING COIL
S - SCREENS OR MONITORS

H vV

]

TUNNEL WALL AT MID-PLANE
Fig. 3.
magnet.

-4

40 KeV +

\m \ Ez 80 MaV
Al
12 KeV | +1° 8¢
-1t E» 240 MeV
| TS ¢
A3
\
a2 \
{ PN
\\\
E»160 MeV ' N\

~40 Kev R2

Fig. 4. Longitudinal phase space ellipses
fer 2 orbit recirculation.

g4l

(INCHES)

Beam separation and multichannel

T

s //,,/, , ~ /’/‘/ 2 g
00000
7 /////

/ ///
/

ISP
7000

%

'l I " Il 1 L i 2 I} | 1 1 L.

RADIUS {INCHES)

T

i)
50

section of 4-chanrel magnet.



(INCHES }

W

N
-420'

8 (kG)
5 o
T

.20}
0 1 1 i i 10 i i L L 1 i 1 1 1 J
i 20 30
RADUS  {INCHES)
Fig. 6. Cross section of early 3-channel

magnet with computer (TRIM) calculation of
field distribution.

1.5 Y —
3 7
{2 MeV/FT) CONVENTIO,NA'L /
LINAC  ° /RTM
/‘ ,’I
/ /
1o | / 7 ILLINOIS  {10)

// * ESTIMATE

RECYCLOTRON
{NUMBER OF ORBITS)

COST IN DOLLARS {MILLIONS)
o
o

o 200 400 600 800
FINAL ENERGY {MeV)

Fig. 7. Electron accelerators: Cost com-
parison.

200
sca /
F
{2 MeV/FT) SLAC
-
= 150 SYNCHROTRON
z
o
3
=2
=
4
Z 100
o
g 8 ORBIT
RECYCLOTRON
z
[
3
8 so
(4] I L 1 i L L )
0 20 30 40 50 60 70 80 90 100
FINAL ENERGY (GeV)
Fig. 8. High energy electrcn accelerators:

Cost comparison.

942



