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ABSTRACT: A substantial savings in size and cost over a linear machine may be achieved in an
induction accelerator in which a heavy ion beam makes many (<~ 50) passes through ane ar more circular
induction accelerators. We examine how the requirement of high beam quality and the requirement of
pulse simultaneity at the target constrain the design of such an accelerator. Some of the issues that we
have considered include beam interactions with residual gas, beam-henm charge exchange, emittance growth
around bends, and beam instabilities. We show some of the interplay between maximization of beam quality
and recirculator efficiency, and the minimization of recirculator cost, in arriving at a recirculator design,

1. INTRODUCTION

Heavy ion accelerators hold the promise for meeting all of the requirements for an inertial confinement
fusion {ICF} reactor for the production of electrical power. These requirements include efficient beam-target
coupling, high repetition rate (~1-10 Hz), high reliability, and long stand-off focusing. Previous design
studies, have focused on either the linear induction nccelerator (e.g. Ref. [1]) or the rf-accelerator /storage
ring approach (e.g. Ref. [2]). A substantial cost savings over a linear induction accelerator may be achieved
in an induction sccelerator in which a heavy jon beam makes many (~50) passes through cne or more
circularly shaped accelerators, We are examining a few point designs for such an aceelerator, consisting of
three to four sccelerating rings, ench of which increments the energy by a factor between 3 und 20. Since
the induction cores used to accelerate the ions are used up to fifty times, the size of the accelerator and
the number of cores used can be much smaller, resulting in the possible large cost reduction. However, the
intraduction of varying magnetic dipole fields, higher peak repetition rate of the induction cells, and the
varying voltage pulse format leads to new technical complexities which must be studied before the feasibility
of the tecirculator can be evaluated, - Many of these engineering challenges are nddressed in Ref. {3]. In
addition, the introduction of bends, of beam manipulations at beam injection and extraction, and the longer
residence time of the beamn within the sccelerator, con lead to degradation of the beam quality. '

High beam quality must be maintained throughout the accelerator in order to focus the beam on a
sufficiently small epat at the targst. Here beam quality refers to the combination of high current snd
low emittanca., There are a number of processes which degrade the beam quality, by either increasing the
transverse emittance, increasing the parallel momentum spread, by removing particles from the beam, or by
inerensing the bunch length of the beam, und hence lowering the current. In addition the requirement that
the individnal beamns meet simultaneously at the target, impose constraints on the design, In this paper, we
discuss some of those processes and constraints, and indicate how they have impacted the accelerator point
designe. In particular we consider the collisional internctions of heavy ions with the background gas, and
with ollier heavy ions in the beam, and with some of the interactions of the beam with the accelerator (in
the form of instabilities such as the resistive longitudinal instabifity)., A more complete description of these
considerations may be found in Ref. {4].

2. GENERAL RING ARCHITECTURE CONSIDERATIONS

Several ideas have besn advanced coneerning how to place the induction modules, quadrupole focusing
magnets and dipole bending magnets into a reeirculating ring. One of the primary concerns is to equalize
the total path lengths for the different beamlets sinee it is essential that the beam pulses reach the target
simultaneousty. In figure 1, four scenarios are advanced ali of which satisly the requirement of equal path
lengths. [n figure la, the recirculator is shaped like o racetrack consisting of bends, linear portions, and
transition regions. In the bends, the beams ore stacked vertically insuring equal pathlengths. In the linear
portion, acceleration takes place through the induction modules. By sending all four benms through one
induction core, core volume is minimized, optimizing cost and efficiency. This requires packing the beams
into o square array, The space required for changing from square-packed to vertically stacked and any room
required for extraction and injection is included in the transition regions between bends and linac sections.
By interchanging Lhe top two beams in the bends wilh the top Lwe beams in the linac, and doing an analogous
interchonge of the bottom two beams, it is clear that all four path lengthe would be identical at all times
throughout the accelerator.

In figure Ib, Lhe raceirack hns been replaced by a cireular ring, with each laitice period containing
o bend and an accelerating cell, in addition to the focusing and defocusing quiadrupeles. In this concept
{being explored by D Judd at L.B.L), the four heam pipes appear in cross section to slowly rotate about the
longitudinal axis of Lhe accelerator, making a complete rotation during the time of one revolution about the
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ajor axis of the nceelerator. Although at first glance the rotating beam pipes appear quite geometrically
mplex, Judd has shown that in fact each beam pipe will lie along four separate circles, the center of each
ring slightly displaced from the center of the accelerator. In addition; each circle is slightly tilted from the
wizontal, with the maximum excursions in height of the circles being located in 80 degree intervals around
& neeelerator {cf. Ref. []). In this way all of the beamns have identical path lengths upon one complete
p of the recirenlator, although theve will be seme elight path length differences at intermediate points in
ie orbit. One clear advantage of this circular approach is that induction cells are available all along the
welerator, so that voltage perturbations may be applied continuously to maintain the approprinte crrent
tlse shape, In the racetrack, long drifts would oceur in the bends during which time space charge will tend
i langthen the pulse. In a racetrack configuration it would be necessary to add corrector modules along
ie bends in order to preserve the shape of the current pulse. In addition there are no transition regions
:tween siacked and square packed beams which conld be a source of beam mismatch, and thus & possible
wrce of emittance growth. The disadvantage of the approach of 1b is the uncertainty in the difficulty and
15t of aligning the four skewed ring systems.

In figure le, the circular approach is adapted to allow continuous valtage manipulations, but the beams
» not rotate along the minor axis. Transilion regions are provided, in which the beam pipes are switched
om a square array to vertical stacking to facillate injection and extractian. To insure equal path lengths,
i two upper heams are symmaetrically switched so thet in one bend region one beam travels in o pipe which
on the inside of the bend, while traveling on the outside of the bend in the other bend region, yielding
tual paths for the two upper beams after one complete cireuit, with a similar interchange accuring for the
o bottom beams., Here again at intermediate times the poih lengths will be slightiy unequal, but the
flerences in time amount to be much less than the rise time of the pulse.

In figure 1d, we illustrate an even simpler approach, in which each beam passes through a separate
duction core, so that in eflect the recirculator ring becomes four separate nceelerators stacked on top of
ich other,

There are some advantages to the approach of figure 1d. ‘There is obviously less technical risk in having
1e core per beam, eince there would be no beam-beam interactions in the gaps and no transition regions
om square arrays to vertical stacking. Since the beams would be essentially independent, one could even
nagine a scenario in which two of the beams could travel on opposite sides ‘of the ring from the other
vo beams, allowing for a particularly simple double sided illumination of a target in o reactor located at
1e center of the ring. However, the major disadvantage of separate cores is that the total volume of core
\aterial increases. The required area of the longitudinal cross-section of the cylinders which make up the
are material {metglas) is proportional to the product of the pulse length and module voltage, which is the
ume in the two cases, So at first glance the four separate core approach would seem to require four times
e volume of melglas. This is offset somewhat by the increased inner radive of the one core scenario, hut
ot completely. The increased volume of metglass in the four core scenarin, translates to increased cost and
wereased core losses. Thus figure 1d represents a fullback design scenario, should calculation or experiment
idicate that emittance growth in the one core scenario would prove Lo be too large.

. EMITTANGE GROWTH CONSIDERATIONS .

One of the most serious unresolved issues that confronts the recirculator is the question of how much
1¢ normalized emitiance will increase on passage of the beam [rom injector to target. This guestion is
eing nddressed on many levels: from crude estimates, through more sophisticated analytic theory to fully
-dimensional code wortk, as well as experimentally. Tor example, an estimate can be made (Ref. [4]) in
rhich it is assumed that alignment errors give rise to belatron oscillations; which are phase mixed, due to
on-linearilies, and thus give rise Lo emiitance growth. Using the approximation of constant focusing (and
number of other simplifying assumptions) the increased emittanee Aee can be written:

2 5l : : : :
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lere (with example numbers from the High Energy Ring of the point design), a'.,."_’ 1.4 is'the undepressed
une, & = .14 is the depressed tune, the half laitice periad L = 300cm, the number of laps the beam makes
1 the ring nyp = 50, the circumflerence Le.. = 8.5 x 105 cm. We find & Ay = 2.7 % 1072 em rad if the
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rma alignment error §2,m, = 10g. This compares to an average emittance of about 3.8 x 1073 cm rad in the
design for the High Energy Ring. This is a pessimistic estimate assuming that.all centroid oscillation energy
is converted into emittance growth. Steering will minimize such escillations before phase mixing oceurs, so
that eq. (3.1) indicates that alignment tolerances may not be unreasonoble in a driver, “Thus far, estimates
of non-linearities and preliminary numerica! work have yet to demonstrate that emittance growth will be
unmanagezble (Ref. [4]), but work in this ares is just beginning.

4. VACUUM CONSIDERATIONS

The vacuum requirements for the recirculator are’somewhat mare demanding than for the induction
lisac approach. The larger residence time of the jon beam in the recirculator by & factor of 10 or so, requires
an average background gas density that'is emaller by the same factor, Further, the desorbed gasses make a
larger contribution to the pumping load in the recircnlator than in the linear case,

The background gas and beam densities are described by fiuid equations. See Refs. [4], [6] and references
therein for & more complete description. A heuristic derivation is given below which illustrates the basic
relationship between background gas and accelerator parameters.

The continuity equation for the background gas (averaged over the volume of the beam pipe) can be
written:
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Here, n, is the background gas number density, n, is the heavy ion beam number density; w; is the
heavy ion velocity; oy is the ionization cross-section of a background gas paricle by a heavy ion; o, is
the cross section for removing an electron from the heavy ion due to an interaction with a background gas
particle; ng is the number of molecnles desorbed from the pipe inner wall per incident gas molecule; gy
is the number of molecules desorbed from the pipe inner wall per incident heavy ion; Sy, = linear pump
strength (dimensions unit velume per unil time per unit distance); A, = cross-sectional area of pipe = wrg,
where rp = pipe radius; g is the intrinsic outgassing rate per unit distance along the accelerator, Note that
g = 20, /r, where Q, is the intrinsic culgnssing rete per unit surface aren; ¥ the total volume of the beam
= ma?uvil,, where @ = beam radjug, 1, = pulse duration; Vpip. = volume of the pipe = ﬂ'r;L,,: whare Ly, =
the circumference of the recirculator.

The beam number density is described by an analogous equation:
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Here o, is the cross-section for @ heavy ion Lo change charge slates due o an internclion with another
heavy ion, and v, is the rms velocity of the heavy ions in the beam frame,
The fractional beam loss ., from charge exchange alone is:

Tee = TeeMalemAl
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Here we have assumed o, 2 2.1 X 107"5(E,, /10ke V) ®? em® (el Ref. [7]). Also, Bom = Ampud,/2;
Uern = enc/fa; Gy is Lhe charge in each fon bunch, the beam radius a is a fraction fip of the pipe radius rp,t
is the bunch length, and At is the residence time of the bunch within the recirculaior.

Note the steep dependence of the charge exchange loss on the pipe radius. The first term in equation
4.2 roughly determines the background gas density,

Tatrip
alﬂfanra:

1’4

ny {4.4)

H?re T,irip i5 Lthe fractional beam loss due to stripping, and Mgy is the number of laps of Lhe recirculator
sabislying njapLleec = viAt. Eq. {4.4) indicates the scaling that the required gas densily is approximately
inversely proportional to the residence time. ’




Equation {4.1) determines the total pumping required to maintain that gas densily. Pumping (third
term on the right hand side (RHS) of eq. 4.1) balances the sum of the static gas load from intrinsic ges
desorption (Rrst term on RES) and the dynamic ges load from beam induced desorption (second term on
RHS). Thus,

Sh’nche = Nlﬂlaerec (G-' QGAJP + (T"Gﬂ'l + 'TH!‘H)QL) (45)
Tserip qeir

Here Ny is the number of beams; &, is the repetition time for pulses in the recirculator, and A,, = 2wrp L.

is the total surface area of a single beam pipe. Eq. 4.5 is approximately true when appropriale averages are

made over cross sections and desorption coefficient and also when the second term on the RIS ofeq. 4.1 s

not exponentially growing. This condition con be expressed .a5 a condition on ry as:
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Here we have neglected nyo, with respect to neer. From egs. (4.5) and {4.8) we can see that the total
pumping rale decreases as rp, decreases (as the intrinsic gas desorption decreases) but then increases with
further decresse of the pipe radius as the beam induced desorption begins to take off. As an example,
in the High Bnergy Ring of one point design, Ny = 4, njap = 50, Lo = 3.5 x 10° cm, o, ~ 5 x 107
em?,Q, ~ 1071 torr 1 st em™?, z,40ip = 01, ng ~ §, o7 ~ 5 x 107 ¥em?, gy ~ .01, Qs = 100 pC,
ge = 1,6 % 1071%-G, t, = .15, 50 that SjnLrcc = 3 % 10° liters 67!, which translates into a pumping cost
of $ 30 M assuming a unit cost of $ 10 171a. ‘The required background gas density would be then be about
3 % 10~ torr. The minimum pipe radius from eq. (4.6) would be 5.0 em,

5. INSTABILITY CONSIDERATIONS

A number of potential beam instabilities are being considered, which must be taken into consideration
when designing the recirculator (cf. Ref. [4] and references therein). Among them are longitudinal resistive
instability, beam-break-up instability, snd betntron-orbital resonance instability, As an example, we briefly
discuss the longitudinal resistive instability. The maximum head to tail logarithmic gain of & perturbation
(Rel. [B])

G NaRU;h/(?g) (5.1)

Here the perturbation growth is by o faelor e%, Ny is the number of beams, R is the induction madule
resistance per unit distance, g is the space charge lactor = (.5 + 2Infrp/a]) The resistance per unit lengih A
must satisly the condition, that the module impedance is approximately matched to the load on the module
to avoid reflections, This leads to the condition,

-\
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Here dV/dz is the average vollage gradient, and f is the reduction in the matched impedance due to losses
in the induction core. (f = I would imply no core losses and the module load would be strictly from the
bezm current alone.) Eq. (5.1) may then be approximately written:
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Here @y is the total charge per beam, AV is the total accelerating potential drop, Lypec is the total circum-
ference of the recirculator, ny, is the number of laps the beam makes around the recireulator, Note that

we have made use of dV /dz = AV/(n1apLeec) ond Ly = vity. Eq. (5.3) indicates the potential advantage of
a recirculntor over a linear machine in batlling longitudinal instability. In a linear acceleralor, Lthe quantity
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RtapLirec should be replaced by the accelerator length La. Since Laf(RiapLrec) can be <~ 1/15, and assum.
ing the other factors are the same, it is evident that in principle reciceulators can have lower total gains
than linear accelerators. Qur point recirculator design relies on o pulse forming network to provide pulses
of constent duration, so the length of a pulse near the end of the acceleration sequence, is quite long. The
combination of high velocity and long pulse durations, i.e, long bunch lengths, yiclds larger longitudinal
instability gains, than would be achieved if an ideal acceleration schedule were used, Using an acceleration
sthedule in which the pulse duration varied as a function of time accurred, it would be advantageous to keap
vitp pproximately constant equal to its value at the entrance of the high energy ring. The pulse durntion ¢,
would then be about 150 ns at the high energy end rather than 500 ns. This would reduce the gain by a factor

- of 11, and in fact wonld make the total gain turn out to be.about 2, rendering the langitudinal instability

fairly benign. Inclusion of finite capacitance (Ref. [8]), the possibility of much lower module resistance when
programmable switches are used rather than a pulse forming line, and feedback control schemes, all may be
invoked to further control resistive instability.

6. CONCLUSIONS

Beam quality issues continue to play a central role in evaluating the feasibility of a recirculator for heavy
ion fusion. We have given a few examples of how our present understanding of these issues helps constrain
the accelerator design.
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-Figure Captions

1. Possible Geomettical Configurations of the Recirculator: (a) Racetrack, with bend, linac, and transition
regions. (b) Circular, with beam pipes making one ratalion aboul minor axis in one rotetion of major
axis. (c) Circular, with acceleration occurring in bend regions; transition, injection and extraction
accurring in straight scclions. {d) Circular, with each beam having a separate cote (or sharing an
oblong core) so that Lhe vertically siacked arrangement remains constant throughout the aceclerator,



acetrack Circular, with azimuthal twist
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Figure Capt.ions ' o

Passible Geometrical Configurations of the Recirculator: (a) Racetrack, with bend,
linac, and transition regions. (b) Circular, with beam pipes making one rotation about
minor axis in one rotation of major axis. (c) Circular, with acceleration occurring in
bend regions; transition, injection and extraction occurring in straight sections, {d)
Circular, with each beam having a separate core (ar sharing an oblong core) so that
the vertically stacked arrangement remains constant throughout the accelerator.




