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We are applying the new coupled-cavity drift-tube linac
(CCDTL) to a conceptual design of a high-current, CW
accelerator for transmutation applications. A 350-MHz RFQ
followed by 700-MHz structures accelerates a 100-mA proton
beam to 1 GeV. Several advantages stem from four key
features: 1) a uniform focusing lattice from the start of the
CCDTL at about 7 MeV to the end of the linac, 2) external
l o c a t i o n  a n d  s e p a r a t e  m e c h a n i c a l  s u p p o r t  o f  t h e
electromagnetic quadrupole magnets, 3) very flexible
modular physics design and mechanical implementation, and
4) compact, high-frequency structures. These features help to
reduce beam loss and,  hence,  also reduce potential
radioactivation of the structure. They result  in easy
alignment, fast serviceability, and high beam availability.
Beam funneling, if necessary, is possible at any energy after
the RFQ.

Table 1. Design Summary

RFQ Parameters
Frequency 350 MHz
Injection/Final Energy 0.075/6.8 MeV
Output Current 100 mA
Peak Surface Electric Field <1.8 Kilpatrick
Total Length 8.1 m
Total RF Power 1.82 MW

CCDTL and CCL Parameters
Frequency 700 MHz
Injection/Final Energy 6.8/1000 MeV
Average Structure Gradient 1.5 MV/m
Energy Gain (real estate average) 1.0 MeV/m
Quadrupole Focusing Lattice FODO
Transverse Focusing Period 8 βλ
Total Length 1 km
Radial Aperture 0.6 to 2.5 cm
Peak Surface Electric Field <1.5 Kilpatrick
Shunt Impedance (real estate average) 25 MΩ/m
Structure Power 40 MW
Beam Power (unfunneled/funneled) 100/200 MW
Number of RF Modules 27
Klystrons/Module (unfunneled/funneled) 7/10

The RFQ/CCDTL/CCL Design

Our design uses room-temperature copper accelerating
structures. The accelerator consists of a 350-MHz, 7-MeV
radio-frequency quadrupole (RFQ)1 followed by a 700-MHz
CCDTL2 and coupled-cavity linac (CCL). We do not discuss
details of the RFQ design in this paper. For information about

the RFQ see Ref. 1 and a paper3 on the low-power modeling
of the structure. We have not yet completed the design
process, but we have done enough calculations and low-power
model measurements of the rf cavities to demonstrate their
feasibility. Table 1 lists many of the design parameters. The
design has several mechanical, rf, and beam-dynamics
advantages and includes the following features:
•  No transitions in the transverse focusing lattice after the

RFQ, with a constant period of 8βλ at 700 MHz,
•  Quadrupole magnets mounted and aligned independently

from the rf structures,
•  Furnace-brazed rf modules that eliminate almost all

mechanical rf and vacuum joints typically found in DTLs,
•  RF modules of up to 300 cavities driven by multiple,

redundant klystrons for high reliabili ty and beam
availability,

•  High ratio of active structure length to total length,
•  No separate matching section between RFQ and CCDTL,
•  No bridge couplers, unless diagnostics need more room,
•  No beam-line flanges in the magnet spaces except at the

ends of rf modules,
•  Four cavity types (RFQ, two-drift-tube CCDTL, one-drift-

tube CCDTL and CCL),
•  Two coupling-cavity orientations in the CCDTL and CCL.

RF Structure and Focusing Lattice

Figure 1 shows a short section of the lowest-energy
CCDTL structure that starts at 7 MeV. A transverse focusing
period consists of pairs of individual two-drift-tube CCDTL
accelerating cavities separated by a drift space of length
3βλ/2 between cavities. Electromagnetic quadrupole (EMQ)
singlets and diagnostic elements occupy this drift space. The
magnets are as far downstream as possible in the 3βλ/2 space
to maximize room for diagnostic elements, isolation valves,
or other items. The overall length of a two-drift-tube CCDTL
accelerating cavity is 5βλ/2. A focusing period includes two
cavities and two 3βλ/2 drift spaces. Thus, a FODO lattice has
a period of 8βλ at 700 MHz.

Shunt impedance considerations dictate the energy for
changing the rf structure. At about 16 MeV, we change to
pairs of one-drift-tube CCDTL cavities as shown in Fig. 2. In
this section, the drift space between pairs of cavities is βλ in
length. The focusing period length is also 8βλ (at 700 MHz)
and the lattice remains FODO. At about 100 MeV, the two
CCDTL cavities are replaced with groups of seven CCL
cavities with a drift space of length βλ/2 as shown in Fig. 3.
Most of these drift spaces contain only a quadrupole magnet.
Some spaces will also include diagnostic elements requiring                                                                                                                 
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more room than available in length βλ/2, especially in the
low-energy part of the CCL. Omitting one CCL cell doubles
the available space, if needed. The lattice period of 8βλ
continues all the way to 1 GeV.

Bore Radius and Focusing Magnets

The bore radius increases gradually between 7 and 100
MeV. Beam dynamics simulations show that an initial
CCDTL bore radius of 0.6 cm is sufficient to capture the RFQ
output beam. The RFQ beam edge is very sharp, essentially

free of any halo. The pole-tip inner radius of the quadrupole
magnets at 7 MeV is 0.8 cm. The magnets fit over the copper
bore tube, which is part of the brazed structure. The pole-tip
fields are below 12 kG. Magnets with Gl > 3 T fill only half
the 3βλ/2 space between cavities at 7 MeV. As the beam
gains energy, two effects ease fitting magnets into the
available space: the space gets longer as β, and the required
Gl product decreases as 1/β. By using longer magnets, we can
allow the bore radius to increase. A large radius is desirable
from the point of view of reducing potential radioactivation of
the structure, but it also spoils the shunt impedance. This is
especially true at low β where drift tubes shield the beam
from decelerating fields. Too large a bore in this part of the
linac can dramatically reduce the transit-time factor. Thus,
every few MeV we step the radius by 0.25 cm, eventually
reaching the maximum radius of 2.5 cm at about 100 MeV.
The bore radius remains at 2.5 cm to the end of the linac.

At each step in bore radius, the structure efficiency
decreases, but then it recovers as the cell lengths increase in a
section of fixed bore radius. Each EMQ design spans a pair of
adjacent sections with different bore radii. For example, we
use a common magnet with inner radius 1.75 cm in the
sections with 1.25-cm and 1.50-cm radial aperture.

Beam-Dynamics Simulations

We are evaluating the beam-dynamics performance of
the new design using a modified PARMILA code4 that
generates cell geometries for graded-β DTL, CCDTL, and
CCL structures. Figure 4 shows beam profile plots in the
CCDTL from 7 to 20 MeV. This simulation used 1000

Figure 1. The low-energy section of the accelerator consists of
two-drift-tube CCDTL cavities of length 5βλ/2 spaced 3βλ/2
apart. Sideways-mounted coupling cavities maintain the
proper phase between cavities.

Figure 2. The intermediate-energy section of the accelerator
consists of pairs of one-drift-tube CCDTL cavities, each of
length 3βλ/2. The space between pairs of cavities is βλ.

Figure 3. The high-energy section consists of seven CCL
cavities, each of length βλ/2. The space between groups of
cavities is βλ/2.

Figure 4. Beam-profile plots from a simulation of 1000
particles through the first 20 MeV of the CCDTL. From top
to bottom the plots show the X, Y, Z, and energy profiles.
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macro-particles. The input beam had the Twiss parameters
and emittance values of the RFQ output beam. There is no
separate matching section between the RFQ and CCDTL.
Instead, we use the first three cavities of the CCDTL and the
first few quadrupole magnets to match the beam to the new
structure. Both the phase and the accelerating field vary
gradually as the beam energy increases from 6.8 to 12 MeV.
The synchronous phase ramps from -60° to -30°, and the
average accelerating gradient ramps from 0.62 MV/m to 1.5
MV/m. Results show that within statistical error, there is no
growth in either transverse or longitudinal emittance.

Redundant Klystrons, RF Module Lengths, and
Funneling Options

The rf modules each contain up to 300 total cavities,
including the coupling cells. With 300 or fewer cavities and 5
to 6% coupling between cavities, the mode density near the
π/2 operating mode remains low enough for easy tuning of
the structures. A module is driven by multiple klystrons such
that the machine can operate at the design field level with one
fewer than the full compliment of klystrons. Conservatively
estimating the “real-estate” effective shunt impedance at 25
MΩ/m, the structure power is 40 kW/m. For an average
energy gain of 1.0 MeV/m, the total power is 140 kW/m for a
100-mA unfunneled system. A typical module uses seven 1-
MW klystrons driving about 37 m of structure. The first few
rf modules use fewer klystrons because a seven-klystron unit
would contain more than 300 cavities. In the unfunneled
system, some rf irises are blanked off. A 200-mA funneled
system has ten 1-MW klystrons driving the same 37-m-long
structure. When a klystron fails, a waveguide switch at the
appropriate distance from the now unused drive iris prevents
loss of rf power from the accelerator into the unused drive
line. The machine can continue to operate while the klystron
is repaired or replaced. We have experimentally verified the
waveguide-switch technique in a low-power cavity. We are
also planning for a high-power test.

The modular design gives flexibility in the choice of
energy for funneling, if needed. A single rf module contains
several brazed sections joined by flanges. The size of the
brazing furnace limits sections to about 2 m in length. An
opportunity to break the system for a funnel exists at each
flanged section, or roughly every 1 to 2 MeV. Since the field
gradient ramps at the low-energy end of the linac, 2 meters
corresponds to less than 2.0 MeV at first. The optimum
energy for funneling appears to be near 20 MeV. Each leg of
CCDTL between 7 and 20 MeV would require only three
klystrons, including redundancy.

Space for Diagnostics

We provide space for diagnostics in two ways. First, the
magnets are as far downstream as possible in the space
between accelerating cavities. In some parts of the linac, this
by itself provides enough space for diagnostic elements.
Second, we can provide additional space, if necessary, by

eliminating a cavity at the end of a module. The missing
cavity has no effect on the transverse focusing lattice. To
mitigate the effect on the longitudinal dynamics, we adjust
the coupling between cells before and after the missing cavity
for a higher end-cell fields to maintain a constant average
field gradient. These adjustments eliminate discontinuities in
the average “real-estate” longitudinal focusing strength.

Coupling-Cavity Orientation

The accelerator has two coupling-cavity orientations
because some sections use half-integral lengths of βλ between
cavities instead of the more traditional nβλ spacing, where n
is an integer. Figures 1 through 3 show both schemes. This
flexibility offers two important advantages. First, it allows
changes in the rf cavity type (needed for efficiency) without
changing the focusing period. Second, it allows a large ratio
of active to total accelerator length. We are testing a sideways
mounted coupling cavity on a half-scale, 1400-MHz CCDTL
low-power model.

Conclusion

We have outlined a new design for a high-current CW
proton linac that has significant mechanical, rf, and beam-
dynamics advantages over more conventional designs. The
new design has no transitions in the focusing lattice after the
7-MeV RFQ. Magnets are not susceptible to drift-tube
vibrations because they mount outside the rf structure where
they remain accessible and serviceable. Furnace-brazed
accelerator modules eliminate the rf and vacuum joints
needed in a DTL providing higher reliability for a CW
machine. Multiple-klystron rf modules increase reliability
and availability. Work continues to refine the design.
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