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Abstract 

Advances in the physics and technology oflinear 
accelerators for intense ion beams are leading to new 
methods for the design of such machines. The physical 
effects that limit beam current and brightness are better 
understood and provide the criteria for choosing the rf 
frequency and for determining optimum focusing configu­
rations to control longitudinal and transverse emittances. 
During the past decade, the use of developments such as the 
radio-frequency quadrupole, multiple beams, funneling, 
ramped-field linac tanks, and self-matching linac tanks is 
leading to greater design flexibility and improved 
performance capabilities. 

Introduction 

Many advances in the technology of high-current rf 
linear ion accelerators have occurred over the past decade. 
Potentially, these advances can produce brighter beams and 
reduced particle losses, thereby allowing the high currents 
required for many new applications. 

The design of high-intensity linacs is strongly 
influenced by the requirement to provide sufficient beam 
focusing (confinement) to balance the effects of space­
charge forces. Transverse focusing is provided by electric or 
magnetic lenses, which can be arranged in a quasi-periodic 
array. Quadrupole focusing, where the polarity is alter­
nated to produce an overall linear focusing force, is most 
common. Longitudinal focusing is obtained on the rising rf 
accelerating field, where nonsynchronous particles receive 
a restoring force. 

At present, the conventional high-current rfion-linac 
configuration (Fig. 1) begins with a dc injector and is 
followed by the radio-frequency-quadrupole (RFQ)l,2linac, 
used to bunch and accelerate the beam from 100 keY or 
below to a few Me V for protons. The RFQ uses the rf 
electric-quadrupole fields of the cavity to provide strong 
transverse focusing for low-velocity particles. To maintain 
the acceleration efficiency and tranverse focusing at higher 
energies, the drift-tube linac (DTL) with magnetic quadru­
pole lenses within the drift tubes becomes a better choice, 
The development of high-gradient permanent-magnet 
quadrupoles3 has resulted in even stronger transverse 
focusing in the DTL. The RFQ-to-DTL transition can occur 
at a few MeV for a proton beam. At much higher energies, 
the rf-power efficiency of the DTL decreases below that ofa 
class of accelerating structures called coupled-cavi ty linacs 
(CCL).4 The transition from DTL to CCL becomes attrac­
tive by about 100 MeV for a proton linac. Because the 
beam-physics issues are not fundamentally different for the 
CCL than for the DTL, the discussion in this paper will 
concentrate on the DTL. 

The self-field forces between beam particles in high­
current linear accelerators produce two undesirable effects: 
(1) defocusing and (2) rms emittance growth.s-7 These 
effects impose limits for both the peak and the average 
beam current.8 The peak current is limited b1 several 
effects9,lO including (a) collective instabilityl driven by 
periodic focusing lenses, (b) attainable external focusing 
fields, and (c) higher multi poles and other nonlinear 

~ ~DTL HL..--_CCL ----I~ 
Fig. 1. Block diagram of an ion-linac configuration for high beam-current 
applications. 
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aberations at large beam radii. In addition, the average 
beam current may be limited in practice by particle losses 
that are caused by emittance growth and formation of an 
outer beam halo. These particle losses can produce an 
increased heat load, vacuum degradation, peak surface field 
reduction, and radioactivation of the structure that would 
make routine maintenance very difficult.l2 

The emittances l3 (2-D phase-space areas occupied by 
the beam) are important beam properties that must be 
controlled in the design of a high-intensity linear 
accelerator. Generally, small emittances are desirable for 
two reasons: (1) for fixed focusing strength, smaller 
emittance implies a reduction in the beam size, and at fixed 
aperture, a larger beam-current capacity, and (2) some 
applications place constraints on the output beam optics 
that require a high-current beam with a small emittance. 
But even when Liouville's theorem is satisfied in 6-D phase 
space (when a collisionless system exhibits continuity of 
flow in phase space and dissipative forces are absent), 
nonlinear forces and coupling can cause increases in the 
effective emittances. A useful measure of effective 
emittance is the rms emittance,14,15 which can be defined in 
terms of the second moments of the particle distribution. 
GenerallYg most transverse emittance growth occurs at low 
velocities, where focusing is weaker and the injected dc 
beam becomes bunched. However, lonft;itudinal emittance 
growth can persist up to high energies 6 unless the 
longitudinal focusing strength is maintained at high 
values. 

The beam dynamics design is carried out with the aid 
of computer codes like PARMILA 17 and PARMTEQl8 to 
simulate the performance, including the space-charge 
effects. However, a linac designer cannot afford to rely 
completely on such codes fur several reasons. First, the code 
can provide little a priori guidance for choosing the many 
parameters that characterize the complete accelerator. 
Second, uncertainties always exist because of various 
physics approximations, and because a practical simulation 
involves no more than 10~ computer particles to represent 
perhaps 109 particles in a linac bunch. Therefore, addi­
tional information derived from both experimental and 
theoretical studies is necessary to identify general design 
criteria and to confirm the validity of the codes. 

For applications where the demand for total beam 
current, or for beam current within a given emittance, 
exceeds the capaci ty of ei ther the ion source or a practical 
single-channellinac, a multiple-beam linac l9 system is 
required. The new technique of beam funneling20 can be 
used to combine pairs of bunched rf-linac beams and reduce 
the complexity of the linac system by restricting the 
multiple-beam solution to only the lowest energies. 

The combination of improved single-channellinac 
design procedures, together with the parallel development 
of multiple-beams and funneling, provides the linac de­
signer with new guidelines and tools, as will be described 
further in this paper. 

Physics Issues 

In a smooth approximation, periodic focusing produces 
an equivalent continuous focusing force, upon which is su­
perimposed the local effect of the individual lenses. When 
space-charge forces can be ignored, the smoothed trans­
verse oscillation frequency WtO is given b~ w~o = wl-w~of2, 
where w} is the lens focusing term and weo/2 represents the 
linear defocusing term from the transverse rffields. The 
quantity weo is the zero-current longitudinal-oscillation 
frequency to be discussed later. 

A simple formula for wt is obtained by assuming a 
hard-edged strength profile in a periodic lens array and 
approximating the profile function by the first term of the 
Fourier series. The single particle equation of motion can 
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then be approximated by the Mathieu equation, for which 
the smooth-approximation solution can be written, and the 
frequency wf can be obtained. 1o The squared frequencies 
are proportional to an effective average focusing force, and 
results for both electric and magnetic quadrupole lenses, 
based on the assumption that every drift tube contains a 
lens, are given in Table 1. The quantities in Table I are 

TABLE I 

SQUARED OSCILLATION FREQUENCIES, til; 

Lens Type 

Electric quadrupoles 

2 
~(q13AGMX ) 
8n2 ym 

Magnetic quadrupoles 

defined as follows: q and m are the beam-particle charge 
and mass, GE. and GM are the electric and magnetic 
gradients,13c IS the beam velocity, A is the rfwavelength, 
and y is the relativistic mass factor. The sequence of 
focusing (F) and defocusing (D) lenses is identified by a 
focusing lattice index N. The quantity N is the ratio of the 
focusing period to the rfperiod; therefore, for a conventional 
DTL, N = 2 corresponds to an FD lattice, N = 4 corresponds 
to FFDD, and so forth. The filling factor of the lens within a 
cell is A = £/13A, where £ is the effective length of the lens. 
The quantity X is a quadrupole focusing efficiency, which 
depends on N and A, as shown in Table II for values up to 
N=6. 

TABLE II 

DTL QUADRUPOLE FOCUSING EFFICIENCY VERSUS 
LATTICE INDEX 

N DTL Lattice X 

2 

4 

6 

FD 

FFDD 

FFFDDD 

(8/n) sin nA/2 

(16V27n) sin nA/4 

(48/n) sin nA/6 

For the RFQ, the value of WI is given by the electric 
quadrupole expression in Table I using N = 1; however, the 
RFQ does not focus with discrete quadrupoles, so X is not 
obtained from Table II, but is determined by the RFQ vane 
geometry.2 For the DTL with quadrupole focusing, there is 
considerable flexibility in varying the effective focusing 
force, even for fixed quadrupole gradient and length, be­
cause X increases with N. The value ofN can be increased 
up to a limit determined by the envelope instability, which 
can occur when the zero-current transverse phase advance 
per focusing period Ow exceeds 900

, where Ow = Ww NAic. 
When Ow is fixed and the quadrupole length and gradient 
are not at their maximum values, larger wf values are ob­
tained by increasing G or £ and, simultaneously, decreasing 
N. The approximate nonrelativistic scaling of wi with 
respect to 13 can be seen by inspection of the formulae in 
Table 1. For a constant filling factor A, WI is independent of 
13 for electric quadrupoles and proportional to ~2 for magnet­
ic quadrupoles. For constant length lenses, wf decreases 
with 13 for electric quadrupoles. For magnetic quadrupoles, 
wI still increases with respect to 13 for constant length and 
constant gradient lenses, becoming independent of13 as A 
approaches zero, according to the formulae. 

The longitudinal focusing from the sinusoidal rffield 
is nonlinear, but for particles near the synchronous particle, 
it is approximately linear and produces phase oscillations 
about the synchronous particle with a frequency given by 
wlo= 2nqEoT( -sin <l>S)/my313A, where Eo is the axial 
accelerating field, averaged spatially over a cell, T is the 

transi t time factor, and <l>s is the synchronous phase ( - 90 0 

,;; <l>.s ,;; 00 for phase-stable acceleration). In conventional 
deSigns of drift-tube linacs, Eo and <l>s are often constant 
throughout the linac, while Hie variation ofT with respect 
to 13 is weak and usually tends to decrease at high energies. 
Consequently, wio tends to decrease with respect to 13, 
which results in a slow longitudinal expansion of the bunch. 
This expansion reduces the transverse space-charge force 
but may have undesirable consequences for control of 
longitudinal emittance, as discussed later in the paper. 

The necessary focusing strengths depend upon the 
requirements for peak current capacity and for control of 
emittance. The peak current is limited by the focusing 
available to confine a space-charge defocused beam with 
finite emittance to within the given radial aperture R. 
Approximate current limit formulas have been derived 
using a uniform-ellipsoid model to calculate the space­
charge force. The transverse and longitudinal current 
limits, It and Ie, are given by lO.21 

(1) 

and 

1 ~) 21 . I 2 2 (2) e = (2coc/ljir PEoTR¢>s srn¢>;,' [l-celceo 1. 

where fO is the permittivity offree space, Wfis a flutter 
factor, and f(p) is an ellipsoid form factor. Other quantities 
in Eqs. (1) and (2) include the transverse emittance f t, 
longitudinal emittance fe' and zero-current acceptances flO 
and feo for the transverse and longitudinal degrees of 
freedom. Approximate formulas for the normalized 
acceptances are.so = ywwR2/C1¥f' and feo = 
Yweo(13AtPs)2/4n2c. The decrease of current limits with 
increasing emittance reflects a competition between the 
space-charge and emittance terms within the available 
aperture. These current limits show an increase with 13 
because of the assumption that the maximum bunch length 
is proportional to 13A. Additional strong 13 dependence 
associated with the magnetic focusing force may enter the 
transverse current limit through the quantity ww' 

A deterioration of the beam quality as a result ofrms 
emittance growth has been observed both in numerical 
simulation studies and in experimental measurements.22 
Two important emittance-growth mechanisms have been 
identified for high-currentllow-emittance rms matched 
beams with linear external focusing: 6.7 (1) charge redistri­
bution toward a quasi-uniform density, which occurs in 
about one-quarter of a plasma period and results in a 
transfer of space-charge field energy to particle kinetic 
energy and (2) kinetic-energy exchange toward equiparti­
tioning. These mechanisms are sometimes described as 
internal mismatch. The results in published literature are 
consistent with the conclusion that the envelope instability 
in periodic focusing systems can be avoided by restricting 
the quantity Ow to values below 90 0

•
7 

Design procedures for RFQ linacs have generally been 
effective in controlling transverse emittance growth. For 
an RFQ, this emittance growth occurs (while many 
parameters--€nergy, accelerating field, and synchronous 
phase-are changing) while nonlinear external forces act, 
especially in longitudinal space, and while the beam is 
being bunched. The nonlinear field-energy theory has 
yielded a useful semi empirical formula 7 for transverse 
emittance growth in the RFQ, given as 

(3) 

where fi ~nd frare the initial and final normalized emit­
tances, I is We current limit, and a 1 and a.2 depend on the 
design procedure, which affects the bunchlllg of the beam. 
Equation (2) implies that high frequency and strong 
focusing are important to minimize transverse emittance 
growth in an RFQ. 
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To formulate some useful design procedures for a 
high-current DTL, we refer to the nonlinear field-energy 
theory to provide some guidance. For the transport of 
rms-matched spherical bunches in a linear continuous­
focusing channel and in an extreme space-charge limit, 
the final rms-normalized emittance cf from the 
charge-redistribution mechanism can be written 
nonrelativisticallyas23 

(4) 

where ci is the initial rms-normalized emittance, a is the 
rms beam radius, w = V nq2leom is the plasma frequency of 
the equivalent unifbrm density bunch that has the same 
rms beam radius, and U is the initial nonlinear field­
energy parameter of the beam. The equivalent beam 
density is given by n=3N /20V5 rra3, where Nb is the number 
of particles per bunch, re~ated to the average beam current 
I by Nb=[)Jqc. When these relationships are substituted 
into Eq. (4), we obtain 

cr
2 = c2 + qHaU /60Vs lIComc3 

. 
I nl 

(5) 

Equation (5) shows that for the same beam current, initial 
emittance, and particle distribution (through U pi)' emit­
tance growth does not increase with beam density, but that 
large beams have a greater space-charge-induced emittance 
growth from charge redistribution than do small beams. 
Thus, to control emittance growth, one must provide strong 
focusing to keep the beam small. Furthermore, Eq. (5) 
shows that the emittance increase at a given beam size is 
less at high frequencies, a result that appears because a 
high-frequency linac has less charge per bunch for a given 
(average) current. This suggests that high-current, low­
emittance linacs may require high-frequency multiple­
beam channels to achieve the desired total current, a result 
suggested earlier by Maschke. 24 

What is the physical reason for an advantage of small 
beams for control of emittance growth? An examination of 
energy balance for the spherical-bunch charge-redistribu­
tion mechanism [Eqs. (4) and (5)J shows that, while the 
initial field energy available for emittance growth is in­
versely proportional to bunch radius, the kinetic energy at 
fixed emittance is inversely proportional to bunch radius 
squared. Therefore, smaller beams are better because they 
store more kinetic energy for a given emittance and are less 
affected by field-energy transfer. 

In our numerical simulations, we observe that space­
charge-induced emittance growth is the result of a loss of 
phase coherence in the collective oscillations that can be 
excited whenever the beam properties change. A loss of 
phase coherence should occur because all particles do not 
have exactly the same oscillation frequency in the presence 
of nonlinear space-charge forces. This leads to a velocity 
spread and a corresponding emittance increase. Although a 
smaller beam has a higher density and greater space­
charge force, the amplitudes of the oscillations and the 
resulting velocity spread are less in a small beam. Also, 
because emittance is a measure of phase-space area, a given 
velocity-spread increase across the beam produces a smaller 
emi ttance increase in a smaller beam. 

To control emittance growth after injection into the 
linac, one could try to keep all rms beam dimensions small 
and constant during acceleration. To hold the matched 
beam dimensions constant at nonrelativistic energies, it is 
sufficient to hold wfand WeD constant. Constant wf and WeD 
values correspond to a constant value of ww, and, if the 
rms dimensions are constant, the space-charge-force com­
ponents of the equivalent uniform beam are also constant. 
As discussed earlier, there is a great deal of flexibility for 
achieving strong focusing in a DTL when using quadrupole 
focusing, and generally it should not be difficult to ensure 
that wt is nearly constant as 13 increases. As a first approxi­
mation, the use of constant length and constant gradient 
quadrupoles produces a constant wl value as 13 increases. 

For a constant value of WeD' it is necessary to require that 
EDT sin cps/13A = constant. Also, because the longitudinal 
force is inherently nonlinear, the variation of CPs with 
respect to 13 should be chosen so that the separatrix in 
longitudinal phase space does not shrink relative to the 
beam bunch, which would expose the outer beam particles 
to nonlinear forces, emittance growth, and particle losses. 
There is no unique prescription for CPs, but a useful 
parameterization that results in a constant or decreasing 
value oflcpsl, consistent with efficient acceleration, is 
w= WJl + p(i3/13- 1)J, where W is the zero-current total 
phase width of the separatrix at velocity 13, Wi is the 
corresponding width at some initial or reference velocity 13i , 
and p is a parameter that can be chosen within the range 
O:5p:51. At zero current, wand CPs are related by 
tan cps=(sin W-W)/(l-cos W), which reduces to CPs = -W/3 
for small angles. When p = 1, we obtain W <X 1113 and 
approximately EDT <X 11132 , which also corresponds to the 
gentle bunching prescription for the RFQ.25 When p = 0, W 
and CPs are constant, and EDT <X 1113. At constant frequency, 
Eo T must be ramped upwards as the energy increases to 
maintain a constant bunch length. The ability to ramp the 
accelerating field upwards as 13 increases should provide a 
capability for the control oflongitudinal emittance growth, 
but peak surface field limitations will ultimately restrict 
this procedure. We emphasize that the longitudinal dy­
namics may be especially important for the control of part i­
cle losses in high-duty-factor linacs. If a longitudinal halo 
exists relative to the core of the beam, most losses will prob­
ably occur during the first longitudinal oscillation of the 
beam in an error-free linac. But losses can continue at high 
energies as a result offield and amplitude errors in the DTL 
tanks.16 Therefore, field ramping may be an important 
technique for control of particle losses in high-duty linacs. 

In addition to the emittance growth from charge 
redistribution described above, one must consider emit­
tance growth associated with a transfer of kinetic energy 
between planes (kinetic energy exchange). Although much 
work remains to be done on this topic, previous 2-D studies 
have led to useful and practical conclusions.2628 Kinetic 
energy exchange does not occur when the initial beam is 
equipartitioned (same mean kinetic energy in all planes). If 
the beam is not equipartitioned, emittance will grow in one 
plane and decrease in another, if the beam is sufficiently 
space charge dominated. A nonequipartitioned beam under 
weaker space-charge conditions can remain stable in a non­
equipartitioned state. As space charge becomes more im­
portant, some kinetic energy transfer will occur toward 
equipartitioning, but the beam can stabilize before a fully 
equipartitioned state is reached. Finally, at high space­
charge conditions, a nonequipartitioned beam will equipar­
tition with an increase in emittance in some planes. The 
safest guideline is to inject an equipartitioned beam into a 
DTL. Numerical simulations show that at typical space­
charge levels, this requirement may often be relaxed with­
out serious problems of energy transfer. 27 The use of 
computer simulation provides the best guidance for how 
much the equipartitioning requirement can be relaxed. 

To illustrate these points, we have generated four 
DTL designs and simulated their beam performance using 
the PARMILA code. Alllinacs have been designed for 100 
rnA of protons with the same initial values of the normal­
ized rms transverse and longitudinal emittances (0.02 and 
0.03 cm·mrad, respectively). For each case, the beam is 
accelerated from 2 to 50 Me V, and the simulations were 
carried out using 2000 particles with an initial uniform 
density within a hyperellipsoid in 6-D phase space. Table 
III shows the rffrequency, the initial zero-current trans­
verse and longitudinal oscillation frequencies in relative 
units, the invariant quantities along the linac, and the 
emittance growths in the transverse x-plane and longitudi­
nal z-plane. Linac A, with weak longitudinal focusing and a 
constant EDT design, shows substantial emittance growth 
in both x- and z-planes. In linac B, the transverse focusing 
strength is increased as can be seen by the factor of 4 
increase in ww' and the x-emittance growth shows a 
dramatic reduction. 
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The ramped-field design to keep we~ constant is used in 
linac C and results in a large improvement in longitudinal 
emittance. Finally, in linac D, the frequency is doubled, 
which yields a further improvement in both planes. 

TABLE III 

PARMILA SIMULATION TESTS 

Linac f(MHz) 

A 200 0.38 

B 200 1.5 

C 200 1.5 

D 400 1.5 

1 

1 

1 

1 

Invariant e ,fIe . 
~ 

EDT, WOt 2.46 

EDT, WOt 1.08 

woe' WOt 1.16 

woe' wOt 1.09 

1.63 

1.70 

1.20 

1.16 

Serious consideration must be given to alignment 
tolerances29 for quadrupole magnets in the DTL, especially 
if the apertures are small, as they may be for a high­
frequency linac. Although strong focusing is desirable for 
raising the current limit and reducing emittance growth, 
the amplitude for beam centroid oscillations produced by 
misaligned quadrupoles is larger for stronger quadrupoles. 
In terms of particle losses, this will be offset to some extent 
by the smaller beam size associated with stronger focusing 
lenses. This problem must be considered in detail for a 
given multi tank DTL design to determine the requirements 
for aperture sizes, quadrupole alignment, tank lengths, and 
steering before injection into the next tank. 

To avoid beam-envelope oscillations that produce 
large excursions and expose the beam to nonlinear fields, it 
is necessary to provide a matched beam for injection into 
each new tank. The lack of adjustable quadrupoles in a 
permanent-magnet quadrupole system makes it important 
to produce linac designs with intertank matching that is 
insensitive to variations in beam current and emittance.3o 

Such intertank matching designs are possible when there 
are no serious discontinuities in the focusing strengths. 
The initial accelerating field in the DTL usually must be 
kept low for approximate compatibility with the final RFQ 
longitudinal focusing. Longitudinal matching between 
DTL tanks with short intertank spaces can be obtained 
without additional bunchers by adjusting the accelerating 
gap locations in the end cells of the preceding and following 
tanks. 

New Techniques 

Perhaps the most significant development of the past 
decade for high-current ion-linac technology is the RFQ 
linear accelerator. Better than any other method, the RFQ 
is able to adiabatically bunch and accelerate a high-current, 
low-velocity dc beam. The RFQ provides strong rf-electric­
quadrupole fields for transverse focusing, and the adiabatic 
bunching is achieved by machining the required cell struc­
ture into the four vanes or poles. The more recent develop­
ment of the four-rod cavity structure3 !,32 provides new 
flexibility for frequencies below about 200 MHz and, with 
low inter-rod capacitances, may be an attractive approach 
for efficient multiple-beam RFQ accelerators. 

A DTL tank with a ramped accelerating field33 is a 
useful means of providing a beam-dynamics transition 
between an RFQ and an efficient high-field DTL. The 
ramped-field tank provides the flexibility for producing an 
equipartitioned beam at the DTL entrance and beam­
matching between the RFQ and DTL that allows for 
current-insensitive matches. In this paper, I have argued 
that for applications where the longitudinal emittance must 
be controlled, it is also important to use a ramped accelera­
ting field throughout the linac to maintain strong longitudi­
nal focusing with increasing energy. In practice, the 
prescribed nonlinear ramps can be approximated by 
piecewise linear ramps using a sequence of separate DTL 
tanks. Recent work has shown the feasibility of producing 
ramped fields in the DTL by modifying the same post 
couplers that stabilize the fields against tuning, fabrication, 

and beam-loading perturbations.33 Ramped-field cavity 
designs that are more power efficient can be obtained by 
detuning the end cells and using the post couplers only to 
stabilize the field. 34 

Multiple-beam linacs will be necessary for some 
future high-current applications. Maschke proposed the 
MEQALAC in which beamlets are accelerated in common rf 
gaps and transported within individual channels using 
electrostatic quadrupoles.35 The use of a multiple-beam 
array for the induction linac approach to heavy-ion fusion is 
being developed at the Lawrence Berkeley Laboratory, 
where the MBE-4 induction linac will accelerate four space­
charge-dominated beams.36 

An imrortant multiple-beam operation in rflinacs is 
funneling.! .20 Funneling combines bunched beams from 
two linac channels into a single colinear beam by inter­
lacing the bunches. The funneled beam can be injected into 
a new rf-linac channel that operates at twice the frequency. 
Beams can be funneled above an energy that allows ade­
quate longitudinal acceptance and adequate current­
capacity. When a multiple-beam solution is required to 
achieve an adequate current capacity at low energies, 
funneling can greatly reduce the cost and complexity by 
restricting the multiple-beam solution to only the lowest 
energies. Furthermore, funneling permits the use of more 
compact and efficient high-frequency accelerating 
structures at high energies. Even when the current can be 
obtained in a single channel, if efficiency is important, it 
may be better to use a higher frequency multiple-beam 
linac with funneling rather than a lower frequency single­
channel accelerator. Funneling of two beams within an 
RFQ-like structure37 is an elegant solution at low energy 
where electric fields are needed to provide strong focusing. 
Discrete-element funnels use conventional discrete 
elements, including quadrupole lenses and buncher cavities 
for focusing, dipole magnets for bending, and rf-deflector 
cavities for combining and interlacing the two beams. 

When the duty factor is large, particle losses may 
limit the average beam current. If the physics design 
procedures are not adequate for control of the beam halo, it 
may be necessary to introduce emittance filters!2 to clean 
up the beam for high-current, high-duty linacs. Such a 
filter might consist of a beam-transport line with col­
limators to remove the transverse halo, or magnetic 
removal of off-momentum particles to reduce a longitudinal 
halo. The need for such filters and the details for their 
design must be studied further. 

Conclusions 

To control space-charge-induced emittance growth in 
ion linacs, we conclude that it is desirable to use high­
frequency accelerating structures and to provide strong 
focusing to keep all beam dimensions small. For high 
average-current linacs, the control of both transverse and 
longitudinal emittance is necessary to minimize unwanted 
particle losses. Strong transverse focusing can be provided 
at 10w-{3 in the RFQ and at higher-{3 in the DTL (by use of 
permanent-magnet quadrupoles and by proper choice ofthe 
focusing lattice). The longitudinal focusing strength can be 
maintained at high values as {3 increases, if the accelerating 
field can be ramped throughout the linac, A longitudinal 
field ramp that produces a constant longitudinal oscillation 
frequency is not a linear function of axial position but can 
be approximated by piecewise linear ramps in a sequence of 
DTL tanks. The value of the constant longitudinal oscilla­
tion frequency is determined by the requirements for 
matching and equipartitioning at injection to the DTL. 
Eventually the field levels will be limited, either by the 
maximum surface electric fields allowed by breakdown or 
by cooling requirements, or both. The ramp can be contin­
ued if the DTL frequency is doubled. If the frequency is 
doubled, funneling could be used to fill all available buckets 
of the new linac, which increases the average current with­
out increasing the peak current in the individual bunches, 

Two examples illustrate how these linac developments 
could be used. First, a cw multiple-beam D- RFQ accelera­
tor can be designed for heating and current drive in a 
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tokamak fusion reactor.38 The RFQ is an ideal accelerator 
for delivering high currents in the megavolt energy range. 
Because the beam power required for this application is 
very large (tens of megawatts), a multiple-beam accelerator 
would be required to provide the current. At 25 MHz, an 
output current of about an ampere could be obtained at 
2 MeV in a single channel. The beams would be indepen­
de!ltly transported to neutralizers, after which they would 
dnft through the magnetic field of the fusion reactor into 
the plasma. 

Second, a I-A, 35-MeV D+ accelerator can be designed 
for a cw accelerator-driven deuterium lithium neutron 
source for fusion-materials testing.39 The total current 
could be obtained by four separate modules, each at a 
250-mA current. Each module would consist of two dc injec­
tors and two RFQs at 175 MHz. The 125-mA beams from 
the RFQs would be funneled at 3 MeV, and the output beam 
would be injected into a 350-MHz DTL for acceleration to 
35 MeV. Because it is important to minimize radioactiva­
ti~m of the accelerator from particle losses, the choice of 
hIgher frequencies and the ramped-field design procedures 
for control oflongitudinal emittance are probably desirable 
for this application. 
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