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The potentially realizable beam power at the Fermilab long-baseline neutrino program has moti-
vated a reinvigorated design and optimization effort for a rapid-cycling synchrotron (RCS) inten-
sity upgrade of the Fermilab proton complex. We examine areas of technological development
with the potential for high-impact on the Fermilab RCS design - low-loss slip-stacking, advanced
neutrino-target R&D, laser-stripping H− injection, fast-ramping super-ferric magnets, nonlinear
integrable optics, electron lens devices, and next-generation halo monitors. A brief overview is
given on the Fermilab Accelerator Science & Technology (FAST) facility, where the latter three
technologies will undergo comprehensive beam tests.
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1. Introduction

With the advent of the Deep Underground Neutrino Experiment (DUNE) and Long Baseline
Neutrino Facility (LBNF) program [1, 2] there is strong motivation for a 2.4 MW beam power
upgrade of the Fermilab proton facility. The Proton Improvement Plan II (PIP-II) [3] is a set of
upgrades and improvements to the Fermilab accelerator complex to achieve 1.2 MW beam power
at 120 GeV. A recent design study [4] proposes to enable 2.4 MW Main Injector (MI) beam power
by replacing the Fermilab Booster with a new rapid-cycling synchrotron (RCS). The proposal is
unique in that it envisions multi-MW slip-stacking, although alternative approaches are discussed.
Table 1 shows the present, planned, and proposed operational parameters for the Fermilab Proton
Complex.

Present PIP-II RCS
Linac Current 24 mA 2 mA 2 mA
Linac Energy 0.4 Gev 0.8 GeV 1.0 GeV
Booster/RCS Energy 8 GeV 8 GeV 11 GeV
Booster/RCS Circumference 474 m 474 m 600 m
Booster/RCS Emittance 16 mm mrad 16 mm mrad 24 mm mrad
Booster/RCS Ramp Rate 15 Hz 20 Hz 15 Hz
Booster/RCS Intensity 4.5 × 1012 6.5 × 1012 25 × 1012

Booster/RCS Available Power 25 kW 80 kW 440 kW
Main Injector Cycle Time 1.33 s 1.2 s 1.8 s
Main Injector Intensity 54 e12 78 e12 225 e12
Main Injector Power 0.75 MW 1.2 MW 2.4 MW
Year 2019 ∼2027 ∼2032

Table 1: Beam parameters for current Fermilab Proton Complex, planned PIP-II upgrade, and RCS up-
grade proposed in [4]. Timeline for Main Injector power upgrades following Deep Underground Neutrino
Experiment (DUNE) Interim Design Report [2].

This 11 GeV RCS design study proposed to achieve the 2.4 MW benchmark “without deviating
from well-tested accelerator design principles”. However advanced accelerator technology can
enhance the performance of this RCS design, and that of high-power hadron rings generally. In this
paper we will use this RCS design provides as a case study of the underlying physics challenges
that next-generation technology might address.

A new 11 GeV permanent-magnet storage ring (SR) to replace the Fermilab Recycler is rec-
ommended to be constructed in tandem with the proposed 11 GeV Fermilab RCS. The facility
would reach 2 MW during beam commissioning when five batches of 25 × 1012 protons could be
conventionally accumulated in the SR and sent to the Main Injector. Then 2.4 MW beam power
or higher could then be achieved either by commissioning slip-stacking in the SR or by achieving
more aggressive RCS intensity targets which by be enabled by emerging technology.

Table 2 shows the required intensity under these various RCS operation scenarios with use of a
storage ring accumulator. The scenarios can be compared on the basis of the machine performance
requirements but also entail a significant variation in the available 11 GeV beam power.
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RCS Scenarios
with Storage Ring

2.4 MW with
Slip-stacking

3.6 MW with
Slip-stacking

2.4 MW with
Conventional

3.6 MW with
Conventional

RCS Intensity 17 e12 25 e12 30 e12 45 e12
Number of Batches 9 9 5 5
MI Intensity 150 e12 225 e12 150 e12 225 e12
RCS Tune-shift 0.16-0.24 0.24-0.35 0.29-0.42 0.43-0.63
Available RCS Power 225 kW 330 kW 570 kW 860 kW

Table 2: Scenarios for 2.4 MW & 3.6 MW proton complex with new RCS and storage ring, using slip-
stacking accumulation or conventional boxcar stacking. The table also indicates the 11 GeV RCS beam
power that is available concurrently with 120 GeV Main Injector operation.

2. High-Impact Technologies

The RCS scenarios outlined in Table 1 and Table 2 entail a factor 3-4 increase in Main Injector
pulse intensity compared to present operation of long-baseline neutrino program. Davenne et al. [5]
provides a conceptual 2.4 MW target design based on segmented beryllium and optimized for
production of neutrino beams from a 160 × 1012 proton pulse.

Designing and operating the multi-MW generation of neutrino targets will critically rely on ra-
diation damage R&D for low-Z high-temperature materials such as carbon and beryllium. The Ra-
diation Damage In Accelerator Target Environments (RaDIATE) collaboration [6] was developed
to study a broad suite of accelerator target, dump, window, and collimator materials under extensive
radiation damage and thermal shock. As part of the RaDIATE collaboration, accelerator relevant
materials are exposed to high radiation dose at the Brookhaven Linac Isotope Producer (BLIP) fa-
cility where they can be subject to examination and testing procedures. CERN’s High-Radiation to
Materials (HiRadMat) facility enables the post-irradiation materials to then subsequently undergo
thermal shock testing from a high-energy accelerator beam.

With present operational technology, protons would be accumulated in the Fermilab RCS via
charge-stripping foil injection. The linear optics of the RCS [4] are heavily constrained by the foil-
heating limits (large-betas) and particle loss due to scattering off the injection foil (phase-advance
into collimators). However, the combined us of use of high-power lasers and magnetic fields has an
emerged as an alternative approach to stripping H− beams. In [7], 1 GeV H− are stripped with 95%
stripping efficiency over a 10 µs timescale with an ultraviolet laser delivering 1 MW peak power.
The 10 µs timescale is not suitable for a multi-millisecond injection but the paper articulates that
“a doubly resonant optical cavity scheme is being developed to realize a cavity enhancement of
burst-mode laser pulses” (see [8]).

In [9], a fast-ramping super-ferric dipole is demonstrated based on high-temperature super-
conductor (HTS) REBCO wires. The prototype magnet applies the dipole field to two vacuum
chambers to make full use of the return flux of the wire. This technology could be applied to a
compact RCS design to use RF power more efficiently. For example, a 300 m RCS could extract
2×15 e12 protons every 5 Hz to a storage ring as part of a 2.4 MW Main Injector facility with only
1/6 of the required RF power in the RCS. Alternatively, the technology could be applied to extend
the energy reach of an RCS design. For example, a 500 m RCS could extract 2×25 e12 protons
at 22 GeV every 7.5 Hz in order to inject above the Main Injector transition energy and enable
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2.4 MW beam power at 120 GeV. High-field, fast-ramping super-ferric magnets open up a larger
machine-design parameter space than previously considered in [4].

3. FAST/IOTA Research

The Integrable Optics Test Accelerator (IOTA) and Fermilab Accelerator Science & Technol-
ogy (FAST) facility were created for advanced accelerator R&D and beam physics research [10].
The IOTA ring was commissioned for electron beam studies earlier this year and will be commis-
sioned for proton beam studies starting in 2020 [11]. Nonlinear integrable optics and electron lens
space-charge compensation are two technologies under development at FAST/IOTA to be tested
for their application to intense hadron rings.

Nonlinear integrable optics is an innovation in acceleration design to provide immense non-
linear focusing without generating parametric resonances [12]. Strong nonlinear focusing could
significantly enhance the performance of an RCS by mitigating halo formation and damping col-
lective instabilities [4].

The canonical formulation of integrable lattice design expresses the single-particles dynamics
with precisely defined phase advances between specialized nonlinear sections [12]. The perturba-
tion of the system under space-charge [13] & chromatic effects [14] has been investigated. With
several superperiodic nonlinear cells, the integrable lattice design seems to be compatible with ex-
treme nonlinearity under realistic tune-shifts; however a systematic study has not been conducted
for tune-shift tolerances as a function of nonlinearity. Separately, a framework for nonlinear inte-
grable lattices based on distributed thin nonlinear elements has also been proposed [15].

The electron lens is a versatile particle accelerator device with applications in beam-beam com-
pensation [16], collimation [17], nonlinear focusing [18], and space-charge compensation. Recent
work [19] examines the performance of electron lens space-charge compensation in the extreme
space-charge case, but further work remains to extend the work to a constrained lattice environ-
ment.

4. Beam Profile & Halo Diagnostics

Intense proton rings often require precise management of halo particles, even while those
halo particles are very sensitive to the transverse distribution of the charge-dominated beam [20].
Accordingly, successful commissioning and operation of intense proton rings then requires proton
diagnostics which provide information about the evolution of the beam profile over the cycle as
well as the population of lost or outlying particles. Ionization profile monitors are the traditional
ring diagnostic to measure proton beam profiles, such as those that have been implemented at the
Fermilab Booster [21]

A related diagnostic device, the gas-sheet profile monitor, has several advantages over ionization-
profile monitors. The high-velocity gas flow is collected to minimize the gas load on the vacuum
system. The pressure of the gas-sheet can be varied in order to change continuously from a mini-
mally destructive diagnostic to a turn-by-turn profile diagnostic with mm-scale resolution. A gas-
sheet profile monitor is being developed as a diagnostic for the Fermilab IOTA ring [22], where
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it will observe a high-space proton beam in highly nonlinear potentials. In the future, special-
ized gas monitors might serve as a halo diagnostic by intercepting the beam tails with a narrow
high-pressure gas jet.

At the Fermilab Booster, photo-multiplier tube (PMT) scintillator detectors have been placed
at several locations outside the Booster ring to serve as fast loss-monitors. The fast loss monitors
are synchronized to accelerator control signals to within a few nanoseconds, allowing particle loss
mechanisms to be diagnosed from their temporal signature [23]. The fast loss monitors sample an
unknown fraction of the lost particles, and therefore can only be used to infer relative changes in
loss patterns. In the future, scintillator-based particle detectors might be directly integrated into the
design of beam collimators to more systematically measure lost halo particles.

5. Overview

In this paper we’ve introduces some variations in Fermilab RCS scenarios that constitute im-
portant trade-offs between space-charge limits, intensity requirements, and delivered beam power.
High-power neutrino targetry directly impacts the realizable Main Injector pulse intensity and beam
power, while laser-stripping technology directly impacts the RCS intensity and overall RCS design.
Fast-ramping HTS super-ferric magnets have an unexplored potential to broaden the machine pa-
rameters for RCS design.

The Fermilab FAST/IOTA Facility is developing advanced particle accelerator technology,
which may find a direct application in the proposed Fermilab RCS. Nonlinear integrable optics can
reduce the number of particles requiring collimation and raise the threshold for collective instabil-
ities (without introducing new nonlinear resonances). Electron lens devices have many valuable
applications for high-intensity particle accelerators, but a new application for direct space-charge
compensation will be investigated in simulation and experiment over the next several years. And
finally, the next generation of proton beam diagnostics will be capable of delivering higher dynamic
range with faster time resolution.
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