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Introduction  
 

Accelerator beamlines with large momentum acceptance preserve beam quality over a range of 
beam energies with static field in the accelerator magnets. For High Energy Physics (HEP), this approach 
shows promise to (1) increase the intensity of proton accelerators by reducing or eliminating the need 
for magnet ramping, and (2) enable the transport of beams with large momentum spread. 
Superconducting magnets are uniquely suited for the design of large momentum acceptance beamlines 
for these applications. In addition to producing fields much higher than the ~2 T saturation point limiting 
iron-dominated magnets, the coil-dominated nature of superconducting magnets gives flexibility for 
producing complex and combined-multipole fields. Coupling of magnet design and beam dynamics 
codes with multi-objective optimizers allows for not only achieving a very large momentum acceptance, 
but also integrating the required focusing, phase shifting, and/or higher order corrections required by 
different applications. 
 
Background 
 

 Magnet technology for large momentum acceptance applications has been largely driven by the 
needs of fixed-field alternating gradient (FFAG) accelerators, fragment separators, and ion therapy [1-4]. 
Recently at LBNL, two large momentum acceptance superconducting magnet designs were developed 
for proton therapy as part of the HEP Accelerator Stewardship program. These designs show promise for 
broad application within HEP. The first is a combined function magnet, based on the alternating gradient 
canted-cosine-theta (AG-CCT) design. A modular winding approach is used to produce overlapping 
dipole, quadrupole, and sextupole fields all within the bore of a single, large aperture, curved magnet 
[5,6]. In addition, the quadrupole fields change along the length of this magnet with five alternating 
focusing and de-focusing sections. This design achieved a 20 % momentum acceptance which resulted in 
an order of magnitude reduction in magnet ramp rate to match beam energy changes during treatment. 
In addition, the beam spot size and shape at the patient location was precisely controlled by 
optimization of quadrupole and sextupole fields. The AG-CCT has also been studied for transport and 
energy selection of ion beams from laser plasma accelerators where initial spread in beam energy is 
large [7].   

 

 A second approach, using a combination of nonlinear bending magnets with even larger 
momentum acceptance, was developed in which the gantry accepts the full range of proton treatment 
energies (70-220 MeV) with fixed field in the superconducting magnets [8]. In this design, the magnetic 
profile within the magnets is highly nonlinear, and was optimized by integrating the magnet design with 
beam dynamics simulation tools in COSY INFINITY. First steps have been taken to extend this approach 
to higher energies relevant for the Intensity Frontier, with optimization of nonlinear magnets for large 
momentum acceptance and phase shifting in a 500 MeV to 2 GeV recirculating proton linac [9]. For this 
study, the beam dynamics code IMPACT [10] was also utilized, allowing for simulation of space charge 
effects and other challenging beam dynamics.  



 
Fixed-Field Superconducting Magnets for High Intensity Proton Drivers 

High intensity, GeV level proton accelerators are an enabling technology for neutrino physics 
experiments. To support such experiments, a staged upgrade of the Fermilab accelerator complex is in 
progress with the ultimate goal of supplying 2.4 MW beam power for the LBNF/DUNE neutrino program. 
Beyond the current phase of this project (PIP-II), both novel, rapid cycling synchrotrons and SRF linacs 
are being studied to reach the ultimate beam power target [11-15]. Another promising option proposed 
is the recirculating proton linac (RPL) [16-18]. This accelerator uses several re-circulating sections to 
accelerate the protons up to the final energy, allowing for high intensity CW operation (similar to a 
linac), and also more efficient use of expensive SRF cavities due to being multi-pass (similar to a 
synchrotron). Recirculating accelerators have been built and operated for electrons, but for protons 
have the unique challenge of more pronounced phase slippage in the desired energy range. The design 
of magnetic phase shifters to overcome this are challenged by (1) the need for high magnetic field due 
to the large magnetic rigidity of the proton beam at GeV energy, and (2) the need for very large 
momentum acceptance to enable fixed-field transport of multiple beam energies at once. 

An LDRD-funded program has taken the first steps towards demonstrating fixed-field 
superconducting magnets can be designed to meet the challenges of the RPL. For different phase 
shifting sections in a 500 MeV to 2 GeV recirculating proton linac, preliminary superconducting magnet 
designs were optimized to produce a fixed, non-linear field profile which satisfies the phase shifting 
conditions for all the recirculating energies [9].  This required coupling of magnet design and beam 
dynamics tools to global optimizers, allowing for optimization of the non-linear field shape in the 
magnet to satisfy accelerator beam requirements. These studies are continuing, with the additional goal 
of also providing the correct beam focusing and performing a full tracking through the accelerator 
including space charge and non-linear effects. As initial accelerator and magnet designs are finalized, 
magnet prototype testing will become critical in order to demonstrate the feasibility and performance of 
the design, ultimately taking a large step forward in determining the feasibility of the RPL as a cost-
saving option for future high intensity proton accelerators. 
 

The AG-CCT for Large Momentum Acceptance Synchrotrons and Beamlines  

The AG-CCT design can produce combinations of field harmonics (dipole, quadrupole, sextupole, 
etc.) which are constant or alternating along the length of the magnet. This flexibility lends itself to 
many HEP accelerator applications and also broader use within DOE. For superconducting synchrotrons, 
the AG-CCT shows promise to precisely control beam behavior (using combined-function fields) while 
reducing magnet ramp rate (through large momentum acceptance). For laser-based acceleration of ions, 
an initial study showed a beamline of AG-CCT superconducting magnets can transport ions with energy 
selection over a range of +/- 12% from 10 to 200 MeV/u. Finally, this approach is flexible to produce 
high-field fragment separators and spectrometers desired for nuclear physics.  

Detailed studies are needed to quantify the perceived advantages and set magnet metrics for the 
various applications. Demonstration of the magnet technology through prototype testing is also critical. 
Initial results from this process are promising, with a first set of curved Nb-Ti dipole layers with 290 mm 
aperture and 0.9 m bend radius reaching their design field [6]. The next step is fabrication and test of a 
full AG-CCT system, which combines alternating quadrupole and dipole layers. Finally, continued 
development integrating CCT-specific magnet design tools with beam dynamics codes (such as COSY 
INFINITY) is crucial. This work connects magnet winding shape to beam behavior including full 3D field 
effects [5], allowing for efficient, simultaneous optimization of the accelerator layout and 
superconducting magnet coils for a broad range of applications.  
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