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Abstract

Theinjection of heavy ionsinto high current ringsiscompli-
cated because it isimpossibleto use charge exchangein ma-
teria foilsto producethe singly charged heavy ions needed
to keep space charge manageable on the one hand, and be-
cause losses need to berigorously restricted to < 1% on the
other.

With these constraints, the number of turns that may be
injected by conventional multiturninjectionislimited. This
paper describes how the number may beincreased by atwo-
dimensional technique of painting Lissgjous-likepatternsin
z—y space, using aninclined or acorner septum. Simulation
examples are presented showing the nature of the beam cre-
ated intheaccumulator and thelikely effects of space charge
forces.

1 INTRODUCTION

In the scenarios of aHeavy lon Driven Inertia Fusion plant
(HIDIF) studied to date, singly charged ions from a high
current linac are multiturn injected into a number of stor-
age rings before being compressed and merged in thetrans-
port to a final focus. At present, atest facility for 10 GeV
beam energy delivering 3 MJwithin 5 nsto thetarget isun-
der study [1]. Sincethe 0.4 A linac pulsein this scenario
has alength of the order of 100 km, it isclear that the max-
imum number of turnsthat may be injected into each stor-
agering hasacrucia impact on thetotal circumference and
thus on the size and cost of the facility. Theinjection of 15
or more turns has been attained in synchrotronsfor decades
now; however, efficiencies achieved do not exceed 60%. In
order to inject a comparable number of turnswith < 1%
loss, both transverse dimensions have to be explored. The
starting point is the Lissgjous pattern of the injected turns
in the z—y plane, which is optimised by varying fractional
tunes, programming closed orbit bumps and even accumu-
lator lattice functions.

2 MULTITURN INJECTION INTO
TRANSVERSE SPACE

For the present study, theaim for transverse spaceistoinject
15 to 20 turns of a beam of singly charged bismuthions, at
400 mA peak current and 4w pm.rad emittance, into an emit-
tance of 50rpm.rad in each phase plane. Analysisusing an
optimising computer code suggeststhat thiscan beachieved
using an electrostatic septum tilted at an angle (~ 60°)

to the horizontal, which allows both planes to be filled si-
multaneoudly. Loss of particlesfrom thecircul ating beam at
the septum is minimised with the correct choice of machine
tunes, @, and @Q,, alied with the varying closed orbit pa-
rameters, z,, =/, y, and v/, at theinjection point. Optimum
filling of phase space isachieved if the equations
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hold, wherethe subscripts: and m refer totheincomingturn
and the accumulator respectively. The injected emittances
are then mapped into upright ellipses in the accepting ma-
chine's normalised phase space.

Two schemes may be envisaged. In the first, the accu-
mul ator parameters, Bz, Amaz s Bmy 8N oy, areheld con-
stant and only the closed orbit bump varied during injec-
tion. Discounting space charge effects, the maximum num-
ber of turnsthat may be injected into the machine without
particlelossturnsout to be 15 (seetable 1). For thismoddl,
Q. =8.67,Q, = 8.78andd = 58°. Inthesecond scheme,
theaccumul ator parameters are varied in such away that the
ratios (1) and (2) are held constant. Littleis gained theoret-
icaly by varying z;, =, y; and y;, whichwould in any case
be difficult practicaly, and z/, and y/, are therefore deter-
mined directly by z, and y,. It isthen possibleto inject up
to 20 turnswith @, = 8.62,Q, = 8.91andf = 52.8°.
The optimum modd has 3, rising from 4.5 at the start of
injectionto 8.9 at theend, and B,,, varying from 5.0 to 8.6
after 7 turns before returning to 5.0 at the end. The closed
orbit bump typicaly falls by 12 mm horizontally but, be-
cause of the variation in B,y , changes by only 2 mm ver-
tically. Phase space filling ranges from approximately 20
to 50rpm.rad horizontaly and 38 to 50rum.rad vertically.
Thevertical phase planein particular tendsto be hollow (see
figure5).

Although schemes may be found in which one or two
additiona turns may be injected without beam loss, in
each case the optimised fractiona tunes are unsuitable.
For the HIDIF scenario under study [1], the values
Q. = 8.67,Q, = 8.78 lie just below the resonance
2Qy — Q5 = 9 where thereis a reasonabl e working space.
Injection would be into several accumulator rings of the
type shown in figure 1. This has superperiodicity 3, which
is a design relatively unaffected by instabilities and reso-
nances. The necessary variationsin Bp,, and By, subject



Figure1: Accumulator ring for 20 turn transverse injection

to (1) and (2) and constant tunes, are achieved by means
of 8 trim quadrupoles in the injection straight (shown en-
larged). The gradients of these quadrupoles (figure 2) are
higher than one would prefer and are an obvious drawback
of the scheme. However, table 1 highlightsthe greater pos-
sibilitiesfor injection afforded by the variable-3 approach,
and, since injecting sufficient beam into the required emit-
tance isamajor problem, it islikely that further study will
concentrate on this method for the immediate future.

For the 20-turn variable-3 model, the beam distribution
at the septum in the absence of space charge effects, imme-
diately after thefinal turn, is shown in figure 3. Figures 4
and 5 show the corresponding projections into each of the
normalised phase planes.

The absence of losses in the HIDIF ring, taking into ac-
count alikely momentum spread of Ap/p = 2x 10~%*inthe
linac beam, has been confirmed using the computer track-
ing code, TRACK2D. This is a development of the code
used inan earlier analysis of an optimised injection scheme
for HIF, described in [2] and [3]. With space charge taken
into account, the tuneis depressed by 0.05-0.1, and there-
circulating beam will hit the septum unless the closed or-
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Figure 2: Trim quadrupole gradients for variable—3 model

Loss %
Tums - i 3 [ vaiabled
<15 | 00 0.0
20 | 994 0.0
25 | 277 59
30 | 428 155
3% | 531 241
20 | 595 312
50 | 69.7 471

Table 1. Minimum beam loss for arange of injection turns

Figure 3: Transverse beam cross section at the end of injec-
tion

bit scheme isrevised. Losses of up to 20% are indicated,
based on the same machine parameters. The hollownessin
both phase planes is no longer evident and the emittances
are increased as individua turns change their alignment.
Nevertheless 97% of the remaining beam is within the re-
quired emittances of 50rum.rad, so the halo generated ap-
pears quite sparse.

The closed orbit bumps, however, do need to be re-
optimised under space charge effects and the indications
are that the order of 15-17 turns may conceivably be
injected without beam loss by this method. By compari-
son, the 15-turn fixed—3 scheme gives losses under space
charge of 16%, suggesting 10-12 lossless turns at best
when optimised.

3 ADDITIONAL STACKING IN
MOMENTUM SPACE

In view of the limits on the number of turns that may be
injected into transverse space, schemes combining betatron
stacking with energy ramping and/or RF manipulations
have also been investigated. Such schemes have been
studied for charge exchange injection in Hadron Facilities
like KAON at TRIUMF [4] and, with normal injection (as
considered here), for heavy ion accumulation in LEAR



Figure 4: Normalised horizontal phase space at the end of
injection

[5] in the context of the LHC programme. The basic prin-
ciple is simple: the injection septum is at a place where
the normalised dispersion D, /+/B; assumes reasonably
large values ~ 5 m'/2. While the orbit bump removes
the circulating beam from the septum, the energy of the
incoming linac beam is ramped such that its closed orbit,
due to dispersion, remains close to the septum. In the
HIDIF scenario this process was imagined as discrete: two
or three batches differing by (Ap/p)ramp areinjected, each
one with the optimised procedure of section 2. The amount
of thismomentum differenceis given by
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where a, = ve;0 04, S iSthe septum thicknessand Azg
isthevariation of the horizontal bump amplitude during the
injection. Both terms are of the order 5 x 10~%, while the
half height of the linac microbunches is now assumed to be
2.5 x 10~*%. After completion of the injection, one is | eft
withtwo or threeribbonsin momentum space. If oneinjects
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Figure5: Normalised vertical phase space at the end of in-
jection

into stationary bucketsat thelinac bunch frequency - oneRF
system per momentum batch - one can merge these ribbons
by techniques used in the antiproton production process at
CERN [6]. These RF systemsal so preserve the 400 ns mac-
robunch structurein the storagerings, in contrast to the bar-
rier bucket system foreseen in the present scenario [1].
However, the scheme, which originally seemed promis-
ing, lost itsattraction with the devel opment of the estimated
parameters of theinjected beam: the linac bunch frequency
doubled to 216 MHz, the full momentum height increased
from2.5x10~*to5 x 10~* and thebunchlengthfrom 1.6 ns
to 3 ns. In paralld, the target requirements have evolved
from 10 nsto 5 ns pulse length; the tolerated momentum
spread isstill of the order of 10~2. The consequenceissim-
ply that there is no space left for stacking in momentum
space. In any case, the scheme has to handle the increased
space charge forces (keeping the microbunch structure in-
troduces a microbunching factor of order 0.45) and thetune
variation between momentum batches due to chromaticity.

4 CONCLUSIONS

The analysis therefore indicates that, for the HIDIF study,
RF stacking in momentum space is not promising and the
optimal way of injecting sufficient beam is to use a tilted
septum and vary the closed orbit and the accumulator |at-
tice functions in both planes. Further study with particle
tracking codes should indicate if the method remains fea-
sible when the orbit bumps are optimised under the effects
of space charge.
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