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Funneling in LANL High Intensity Linac Designs* 

SubrataNath 
AOT-l,MSH817 

Los Alamos National Laboratory, Los Alamos, NM 87544, USA 

Abstract: The Los Alamos design approach to Accelerator driven transmutation applications is based 
on high power proton linacs. Most of the accelerators that have been studied have one important element 
in common. That component is a funnel, where beams from two separate but identical front end linac 
systems are merged to form a collinear beam of twice the initial beam intensity. The nominal linac design 
for Accelerator Transmutation of Waste (ATW) consists of an ion source-injector / Radio Frequency 
Quadrupole (RFQ) / Drift Tube Linac (DTL) combination operating at 350 MHz. The output beam at 20 
MeV from each of the DTLs is then tunneled to a single high energy linac operating at 700 MHz which 
accelerates the beam to 800 MeV. In this paper, we present the rationale behind the choice of funneling to 
achieve higher beam intensity, a beam dynamics design, and simulation results through the funnel section, 
together with the present experimental status of funneling. 

INTRODUCTION 

In a funnel section, two beams from two separate low energy legs, each consisting of one 
ion source, LEBT, RFQ, and DTL, are combined to form a single collinear beam. The two 
legs carry bunched beams that are phased 180° apart and of frequency fo which are then 
merged forming a single beam of frequency 2fo. The beams are interlaced as shown in Fig. 
1. The interlacing is done in a deflector cavity by alternating rf transverse deflecting fields 
operating at frequency fo. It is to be noted that the funneling doubles the effective current 
of the output beam but does not increase the charge per bunch. 

Funneling becomes a necessary feature of a linac design as soon as very high power is 
required of the machine as is the case for some transmutation of waste applications. Ail 
ion sources and low energy sections of the linac, i.e., RFQs and DTLs, have beam current 
limits. We avoid these limits by reducing our injector and RFQ current requirements in half 
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Fig. 1. Interlacing of the bunches in a funnel section 
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and funneling at an appropriate stage. It allows us to fill all the rf cycles with beam in the 
high energy portion of the linac and thereby increase the efficiency of the machine. 
Assuming that emittance growth effects can be controlled, the beam size, and the charge 
per bunch are also smaller compared to an unfunneled beam of the same effective current. 
This provides an effective design strategy to achieve lower beam loss at the high energy 
end of the linac, a foremost concern and a must for hands on maintenance of such a high 
power, high energy machine. 

In the proposed LANL design [1], the energy of funneling was chosen to be 20 MeV. The 
choice of energy was a compromise between several conflicting requirements. This energy 
was chosen to keep space charge forces relatively small and to have high enough velocity 
so that the 700-MHz linac following the funnel would accept the funneled beam. Also, a 
relatively high energy was needed to provide interquad distances that were large enough 
to meet engineering and diagnostic requirements. The 20-MeV beam-energy is still low 
enough to result in a beam that is not too rigid for deflection in the rf deflector. 

DESIGN ISSUES 

In designing a complete configuration for the funnel, i.e., the layout of the components, 
choosing the quadrupole focusing lattice, and the component strengths etc., one has to 
strike a compromise between a number of physics as well as engineering issues. These 
have been discussed at some length elsewhere [2]. 

The final kick at the rf deflector is time dependent which translates into transverse beam 
spreading [3]. For a short bunch, the difference in deflection between the synchronous 
particle and a particle of phase o with respect to the synchronous particle is approximately 
proportional to c 2 . Thus, the head and tail of the bunch will be deflected less compared to 
the center of the bunch even if the deflector is optimized for maximum deflection. To 
minimize this "head-tail" effect, longitudinal beam width of the beam should be made as 
small as possible. The shorter the bunch, the less transverse emittance growth. Reduction 
of the longitudinal beam size is also required for accommodating the beam inside the 
bucket as it enters the accelerating structure operating at twice the frequency that follows 
the funnel section. A real deflector structure will also have non-uniformities in the 
deflecting electric field at the edges and ends. The fringe field-effect would contribute to 
undesired emittance growth unless beam size is small enough to traverse the central 
section of the deflecting field. The maximum gap between the deflector plates in the 
bending plane is constrained by sustainable electric field across the gap and thermal 
management considerations. In the orthogonal plane, however, the plate dimensions could 
be larger consistent with the cavity dimension. This puts constraint on the transverse size 
of the beam i.e., the transverse size in the bend-plane should be made as small as possible. 

From beam dynamics point of view, the funnel lattice should follow the same pattern as 
the previous accelerating structure. In the present LANL design, the DTL structure which 
precedes the funnel, has a FOFODODO lattice with a 40A. focusing period. The transverse 
phase advance per focusing period should be kept less than 90° to avoid the so called 



envelope instability. This puts a constraint on the inter-element spacing at the merging end 
of the layout. The beam as it travels through bunchers and bending magnets, suffers 
momentum dispersion. Minimizing this effect requires that the total bending and bunching 
be done in small steps, distributing them as evenly along the length of the funnel as 
possible. 

The physics considerations outlined above, are often in conflict with the engineering 
requirements. The layout must provide adequate spacing for placement of quadrupoles, 
bending magnets, and bunchers with minimum deviation from a truly periodic lattice. The 
space constraint is particularly severe in and around the merging section. The physical size 
of the deflector is dictated by the rf structure and cooling considerations. This also 
imposes a constraint on the space to be provided for the deflector cavity. Room needed 
for placement of appropriate diagnostic elements along the length of the funnel also places 
additional demand on the available space. 

LAYOUT 

The arrangement of the components in the 20-MeV funnel is shown in Fig. 2. Each leg of 
the transport region consists of eight electromagnetic quadrupoles (EMQ) and two 
conventional two gap 700-MHz bunchers (R3 and R2). These elements transport the beam 
with about the same transverse and longitudinal focusing strengths as in the exit of the 
DTL. 

The funnel legs are designed with 700 MHz bunchers operating at the second harmonic of 
the beam, resulting in smaller cavities and a savings of power and space in a fairly tight 
configuration. All the buncher cavities used are two-gap drift-tube linacs. Three distinct 
types of buncher cavity designs are used. The second of the two buncher cavities (R2) in 
the two legs has a special tapered geometry to enable the bunchers in the two adjacent 
legs fit together. SUPERFISH [2] was used for both the types i.e., R3 and R2 calculations 
because of their cylindrical symmetry. The final buncher (Rl) is located where the two 
legs of the funnel are very close together. In this case, a common cavity is used as the 
bunching cavity for the beams. This buncher cavity has two beamlines through it. It may 
be best described as a drift tube linac with two beamlines. Since this cavity is not 
cylindrically symmetric, MAFIA [4], a 3-D code, was used for this structure. A detailed 
discussion on this cavity is presented in an accompanying paper [5]. 

The deflector is the key component in the funnel. A detailed discussion on the rf 
properties, thermal analysis and rf tuning of this structure is also contained in Ref. 5. After 
the initial configuration was established with CHARGE2D code [3], MAFIA was used for 
this axi-asymmetric structure. The beams enter the cavity at an angle to the symmetry axis. 
The electric field of the cavity's fundamental mode with a dominant amplitude between the 
two electrodes, normal to the symmetry axis, deflects the beam on the axis. The 
rectangular shape of the electrodes and the gap between the plates are chosen to provide a 
fairly homogeneous field. It is practically constant (AEz < 0.5 %) in a transverse range of ± 
10 mm about the central axis. The tuning of the cavity could be achieved by either 



adjustment of the cavity radius or the radius of the base of the circular cones holding the 
electrodes or a combination of the both consistent with lowest heatload to the structure. 
The peak gap-field used for the structure is 24 MV/m, which is less than 1.5 Ek. 

The last two quadrupoles in each leg are made of permanent magnet materials (PMQ) for 
compactness, while the final defocusing quadrupole in the "merge" section in front of the 
deflector cavity is a large bore EMQ with both beams entering ofF-axis. The dipoles in 
each leg of the funnel bend the beam by 9.77°. The common large bore EMQ (where the 
beams enter ofF-axis) deflects each beam by another ~1°. The remaining ~2° of bend, to 
merge the beams on symmetry axis, is done in the rf deflector cavity. The parameters of 
the current 20-MeV funnel design are contained in Table 1. 

Fig. 2. Layout of the 20-MeV Funnel 

Table 1. General Parameters of the 20-MeV Funnel 

Energy 20.0 MeV 
Length 295.0 cm 
No. of Quadrupoles 2 X 1 0 + 1 = 2 1 
No. of Dipoles 4 
No. of Bunchers 2 X 2 + 1 = 5 
No. of Deflectors 1 
Initial Beam Approach Angle 22.4 degree 
Initial Separation of Beams 137.8 cm 
Quadrupole Lattice FOFODODO 
Effective Quadrupole Lengths 5.7 cm 



SIMULATION RESULTS 

For funnel simulation studies, a modified version of PARMILA is used. It has a deflector 
subroutine that transports particles stepwise through a time dependent electric field map 
between the deflecting plates. Calculations were done with a simulated distribution often 
thousand macro-particles (10,000) at the input. The phase space distributions at the output 
of the funnel are shown in Fig. 3. Results of end-to-end simulation ( particle distribution at 
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Fig. 3. Phase Space Plots at the Output to the Funnel 

Table 2. Beam Parameters for the 20-MeV Funnel 

15 30 

Beam Current Input 
Output 

100 mA in each leg 
200 mA 

Radial Aperture 1.00 cm ( 0.6 cm between deflector plates 
in the bend plane) 

Aperture /Beam Size (rms) 4.3 @ Deflector 
5.5@PMQs 

Longitudinal Beam Size (rms) Input 
Output 

~ ± 5.5 degree 
~ ± 3.3 degree 

Transverse Emittance 
(rms, norm.) 

Input 
Output 

0.023 % cm-mrad 
0.026 % cm-mrad 

Longitudinal Emittance 
(norm) 

Input 
Output 

0.0216 % deg-MeV @ 350 MHz 
0.0219 n deg-MeV @ 350 MHz 



the input to the RFQ transported all the way through the funnel to the end of the CCL) are 
contained in an earlier publication [2]. A 3-D space charge algorithm (a point-to-point 
treatment) were used . A summary of the beam characteristics are included in Table 2. 

An error study of the funnel section was also carried out. Four types of error conditions 
were examined : 1) input beam errors, 2) quadrupole errors, 3) buncher errors, and 4) 
deflector errors. In addition, a longitudinal acceptance study was also done. All the error 
studies were done with a simulated distribution of ten thousand macro-particles at the 
input. Simulation results using 2D or 3D space charge subroutines did not show any 
significant differences. Since the computation time for 3-D space charge calculations vary 
approximately as N 2 ( N is the number of particles), and it required 10,000 particles to 
perform statistically meaningful simulations, the 2-D space charge subroutine was used in 
the error studies. 

EXPERIMENTAL STATUS 

An experimental demonstration confirming the beam dynamics of funneling was completed 
on the Accelerator Test Stand (ATS) at Los Alamos National Laboratory [6]. The 
experiment used a single leg layout. The funnel input beam was from the ATS H~, 425 
MHz, 5 MeV DTL. The details of the experiment can be found in Ref. 6. A schematic of 
the experiment is shown in Fig. 4. 

M1 M2 M3 M4 

Fig. 4. Schematic of the Los Alamos Single Beam Funnel Experiment 

The experimental resuks showed ~ 100 % beam transmission through this single leg 
funnel, with good steering control. Transverse and longitudinal emittance growth were 
demonstrably controlled. Transverse emittance growth agreed with computer simulations 
to within experimental errors. Non-optimum operation of the rf bunchers also failed to 



produce any measurable transverse emittance growth. The observed longitudinal emittance 
growth was ~ 15 % with an uncertainty of 5 %. This observed level of longitudinal 
emittance growth had no effect on the funnel's performance. The results with non-
optimum buncher operations were basically the same. 

A two-beam funnel experiment was also attempted at the McDonnell Douglas site [7] in 
1991. The purpose of this two beam experiment was to resolve funnel issues not 
addressed in the earlier ATS experiment at Los Alamos. The experiment used two beams 
from two separate linacs, each providing a 2 MeV, Ff beam with a nominal current of 25 
mA at 425 MHz. The beamline was optically similar to the ATS beamline, except that the 
input beams entered the funnel at 20° from the output axis, as is the case in our current 
funnel design. This also used a two hole bunching structure. Unfortunately, the experiment 
was cut short prematurely before a complete beam characterization was performed. 
However, it demonstrated operational feasibility of a two hole-buncher and resolved some 
of the engineering concerns on the placement of components in the adjacent legs. 

SUMMARY AND CONCLUSIONS 

An example design of a funnel for high intensity proton linac is presented. Thorough 
optimization of the individual components and layout should precede actual fabrication. 
Particular attention needs be paid to the deflector cavity and the two hole buncher designs. 
The ATS single-beam funnel experiment showed that, with present methods and 
techniques, one can design a funnel and its key component, i.e., the deflector, with very 
low emittance growth. Very good agreement between calculations and the ATS 
experimental results showed that rf and beam-dynamics design procedures are essentially 
correct and no important physics issues were omitted in the codes. 
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