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Abstract 
Recirculating Linear Accelerators (RLAs) provide an ef-

ficient way of producing high-power, high-quality, contin-
uous-wave hadron and lepton beams. However, their at-
tractiveness had been limited by the cumbersomeness of 
multiple recirculating arcs and by the complexity of the 
spreader and recombiner regions. The latter problem sets 
one of the practical limitations on the maximum number of 
recirculations. We present an RLA design concept where 
the problem of multiple arcs is solved using the Fixed-Field 
Alternating gradient (FFA) design as in CBETA. The 
spreader/recombiner design is greatly simplified using an 
adiabatic matching approach. It allows for the spreader/re-
combiner function to be accomplished by a single beam 
line. The concept is applied to the designs of a high-power 
hadron accelerator being considered at ORNL and a CE-
BAF electron energy doubling project, FFA@CEBAF, be-
ing developed at Jefferson lab. 

HIGH-POWER HADRON ACCELERATOR 
DESIGN STUDY AT ORNL 

Introduction 
Recent advances in the SRF technology allow for in-

creasingly more reliable and higher power hadron linacs. 
Due to slow increase of the proton velocity and each RF 
structure being efficient only in a narrow range of veloci-
ties, hadron linear accelerators require several SRF cavity 
types to cover these ranges and a large number of cavities 
in total. There are multiple projects in all parts of the world 
that are already being constructed or proposed [1]. The 
number of different types of accelerating structures used by 
these projects varies from 4 to 7. Figure 1 summarizes the 
beam energy gain per cavity for all types of cavities against 
their velocity ranges for seven typical projects, namely, 
SNS [2], ESS [3], MYRRHA [4], Project-X [5], JAEA 
ADS [6], CiADS [7], and HC HP-SPL [8, 9]. Notably, all 
of these and other explored projects are straight linacs. 

The data in Fig. 1 is described well by the exponential fit ா௩ ൌ 0.6 exp ቀ ఉ.ଶቁ   ቂୣୡୟ୴ ቃ (1) 

shown by the green solid line. Only SC cavity data was 
used in the fit, since high-power CW machines tend to have 
no or short warm accelerating sections after an RFQ. In an-
ticipation of 50% or so further improvement of SRF per-
formance in the next few years, we scale the fit line by a 
factor of 1.5 and adopt it for our below estimates. 

Figure 1: Summary of the energy gains per cavity versus 
the cavity’s velocity range for the seven selected projects. 
The warm linac data is shown in red on the right vertical 
scale in terms of the energy gain per unit length. 

We next conservatively assume 300 kW for the maxi-
mum power that can be coupled into a cavity for all cavity 
types over the entire relativistic 𝛽 range. In combination 
with the extrapolated survey data from Fig. 1, we obtain 
the optimum current as a function of 𝛽  𝐼ሺ𝛽ሻ ൌ ቂ ௱௩ቃ ቂ ௱௩ቃ ሺ𝛽ሻൗ ൌ 330 exp ቀെ ఉ.ଶቁ   ሾmAሿ (2) 

shown by the green line in Fig. 2. 
A point above the green line means that a cavity is run-

ning at its power limit but below its maximum voltage 
while a point below the green line means that a cavity is 
running at its maximum voltage but below the maximum 
power that can be made available to it. The magenta line in 
Fig. 2 illustrates the operation regime of a straight 1 GeV 
10 MW proton linac of particular interest for the Accelera-
tor-Driven Subcritical reactor application. Clearly, it is far 
from the optimum line. 

Concept 
The power bottleneck set by the high-𝛽 cavities in a 

straight linac is overcome by recirculating the beam 
through the lower-energy sections up to their cavity power 
limits. The energy boundaries shown by the red vertical 
lines in Fig. 2 are chosen so that each section doubles the 
beam momentum. This is a comfortable parameter range 
for an FFA arc design as shown later. Under these assump-
tions, the number of SRF cavities in an RLA design can be 
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reduced by about a factor of 4 compared to a straight linac 
design. 

Figure 2: Optimum current (solid green line), current 
through a cavity in the case of a straight linac (dashed ma-
genta line), and current through a cavity in the case of re-
circulation (dashed blue lines) as a function of 𝛽. 

The main problem of recirculating a hadron beam at low-𝛽 is the loss of synchronization of the beam with the linac 
RF and the resulting loss of acceleration efficiency on the 
2nd and subsequent turns [10, 11, 12]. This loss is compen-
sated by increase in the number of passes some of which 
may be inefficient or even decelerating until the goal en-
ergy is reached. Low power consumption during the inef-
ficient passes and energy recovery during the decelerating 
passes keeps the cavity input power under its limit. A more 
detailed discussion of the linac timing and longitudinal 
beam match is beyond the scope of this paper. 

Table 1: Parameter Scaling of an FFA Cell 

Parameter 𝑳 𝜽 𝑩𝒚 𝝏𝑩𝒚/𝝏𝒙 𝚫𝒙 𝑝 1 1 𝑎 𝑎 1 𝜌 𝑎 1 1 𝑎⁄  1 𝑎ଶ⁄  𝑥 𝛽 (fixed 𝜑) 𝑎 𝑎 1 1 𝑎ଶ⁄  𝑎ଶ 

Figure 3: Schematic of a high-power proton accelerator 
being studied at ORNL. 

Multiple recirculations in turn raise the issues of the 
complexity of having multiple recirculating arcs and 
matching beam spreaders and recombiners. They are 
solved using the demonstrated concept [13] of an FFA arcs 
design and a recent invention of adiabatic FFA match [14]. 
For the sake of brevity, these ideas are illustrated in 

application to another project, FFA@CEBAF, discussed 
later in this paper. Note that there are scaling relations be-
tween the FFA cell length (𝐿), bending angle (𝜃), and bend-
ing radius (𝜌), the dipole fields (𝐵௬) and field gradients 
(𝜕𝐵௬/𝜕𝑥) of its magnets, the orbit excursion (Δ𝑥), the size 
of the cell’s Twiss 𝛽 functions, and the beam momentum 
(𝑝). Some of the basic relations are summarized in Table 1 
where 𝜑 is the periodic betatron phase per cell. One can 
apply the relations in Table 1 and their combinations to 
scale an existing solution to the desired configuration. 

Given the above discussion, a preliminary layout of a 
high-power hadron accelerator investigated at ORNL is de-
picted by Fig. 3. 

FFA@CEBAF 
CEBAF Electron Energy Doubling Project 

One of the CEBAF upgrade options that have been pro-
posed to further its science is doubling of its energy. Using 
FFA arcs for additional recirculations of the electron beam 
through the existing SRF cryomodules is perhaps the most 
attractive approach to reaching that goal due to its relative 
simplicity, robustness, compactness, and cost effi-
ciency [15]. It also particularly suitable for the higher en-
ergy passes since the FFA absolute momentum acceptance 
scales with the input momentum with the input to output 
momentum ratio of up to a factor of about 3. This approach 
is being explored by the FFA@CEBAF study. 

Another advance adopted by FFA@CEBAF that is also 
applicable to the ORNL design is use of beam line magnets 
made of permanent magnetic material [16]. When field 
ramps are not needed as in the FFA design case, they offer 
multiple advantages over conventional electro-magnetic 
elements including exceptional compactness, radiation re-
sistance, and achievable field strengths. 

Figure 4: Orbital offest (top, left scale), dispersion (top, 
right scale) and horizontal (bottom, left scale) and vertical 
(bottom, right scale) Twiss 𝛽 functions of a regular 
periodic cell of the FFA 1 west arc. 

Arc Cell 
Several design configurations have been explored con-

sidering use of permanent combined-function mag-
nets [16]. One of the most efficient configurations as 
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currently envisioned is a scenario with the addition of two 
FFAs accelerating the beam in 7.1-18 and 16-23 GeV en-
ergy ranges in 5 and 3 passes, respectively. Given the FFA 
scaling properties summarized in Table 1, here it is suffi-
cient to only focus on the optics design of the west arc of 
FFA 1 transporting 5 passes of about 9.4, 11.6, 13.5, 15.9, 
and 18.1 GeV. The magnetic optics of a regular periodic 
cell of this FFA arc is shown in Fig. 4. It was obtained using 
the optimized magnet parameters reported in [16]. The op-
timization ensured that the orbital offset and the beam size 
corresponding to the optical functions in Fig. 4 are con-
sistent with the aperture attainable with a permanent mag-
net design at the required magnetic field and its gradient. 

At the electron energies of interest, the particle velocity 
variation is clearly not an issue as in the case of a hadron 
RLA. The time-of-flight adjustment and longitudinal beam 
matching are again beyond the scope of this paper. 

Straight Cell 
CEBAF straights contain relatively long cryomodules 

with relatively weak focusing elements between them to 
transport the beam over a wide energy range. This results 
in the straights having periodic optics solutions with rela-
tively large 𝛽 functions at high energies as shown in Fig. 5. 
The design of a periodic straight cell is based on triplet fo-
cusing with long drifts around the focusing quadrupoles for 
placement of SRF cryomodules. The triplet quadrupoles 
are also assumed to be made of permanent magnetic mate-
rial. 

Figure 5: Horizontal (left scale) and vertical (right scale) 
Twiss 𝛽 functions of a regular periodic straight cell of 
FFA 1. 

Arc to Straight Matching Sections 
It presents a challenge to match the relatively tight optics 

of the FFA arcs to the large-𝛽 periodic triplet optics of the 
straights. It is done in several steps: a section for adiabatic 
suppression of the orbital offset and dispersion, an inter-
mediate matching section, and a final beam expansion sec-
tion. 

The design of the adiabatic orbit and dispersion suppres-
sion part is based on the adiabatic matching approach [14]. 
This part of the matching section consists of 26 FFA cells. 
Their geometry and the quadrupole field strengths are kept 
fixed while their dipole fields and therefore their bending 
angles are scaled per the adiabatic approach according to 
the following polynomial relation 𝜃 ൌ ቂ1 െ 𝑓 ቀ ାଵቁቃ 𝜃  ,  𝑓 ሺ𝑥ሻ ൌ 3𝑥ଶ െ 2𝑥ଷ , (3) 

where 𝜃 is the bending angle of 𝑖th matching cell, 𝜃 is 
the bending angle of a regular arc cell, and 𝑛் is the total 
number of matching cells. The resulting orbit and optics 
behavior is shown in Fig. 6. Note the lack of perturbation 
in the 𝛽 and therefore constant phase advance per cell. 

Figure 6: Orbital offest (top, left scale), dispersion (top, 
right scale) and horizontal (bottom, left scale) and vertical 
(bottom, right scale) Twiss 𝛽 functions of the adiabatic part 
of the matching section. 

The adiabatic matching approach has been demonstrated 
to work well when the phase advance per cell is kept nearly 
constant. The development of a systematic approach to op-
timal matching of periodic cells with significantly different 
periodic betatron phase advances is in progress. 

Figure 7 shows a solution for the intermediate and final 
segments of the matching section obtained by numerical 
optimization of the magnet strengths to satisfy the Twiss 
matching constraints. The matching lattice in Fig. 7 con-
sists of 16 straight cells built using same-length magnets as 
the periodic arc cells that are followed by 10 triplet cells 
built using same-length magnets as the periodic straight 
cells. The drift lengths between the triplets are gradually 
increased according to the polynomial law of Eq. (3). Note 
the nearly regular behavior of the magnet strengths sug-
gesting that a systematic solution exists. 

Figure 7: Orbital offest (top, left scale), dispersion (top, 
right scale) and horizontal (bottom, left scale) and vertical 
(bottom, right scale) Twiss 𝛽 functions of the intermiediate 
and final segments of the matching section. 

CONCLUSION 
FFA approach to RLA optics design opens new opportu-

nities for efficient designs of hadron and electron acceler-
ators. 
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