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Abstract

The completion of the PIP-II project and its superconducting linear accelerator will provide up

to 1.2 MW of beam power to the LBNF/DUNE facility for neutrino physics. It will also be able to

produce high-power beams directly from the linac that can be used for lower-energy particle physics

experiments as well, such as directing beam toward the Muon Campus at Fermilab for example.

Any further significant upgrade of the beam power to DUNE, however, will be impeded by the

limitations of the present Booster synchrotron at the facility. To increase the power to DUNE

by a factor of two would require a new accelerator arrangement to feed the Main Injector that

does not include the Booster. In what follows, a path toward upgrading the Fermilab accelerator

complex to bring the beam power for DUNE to 2.4 MW is presented, using a new rapid-cycling

synchrotron plus an energy upgrade to the PIP-II linac. The path includes the ability to instigate a

new lower-energy, very high-power beam delivery system for experiments that can address much of

the science program presented by the Booster Replacement Science Working Group. It also allows

for the future possibility to go beyond 2.4 MW up to roughly 4 MW from the Main Injector.
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† Also at Department of Physics, Northern Illinois University, DeKalb, IL, 60115, USA.; syphers@fnal.gov

1



CONTENTS

I. Motivation 4

A. Science Opportunities 4

B. Beams Available for Science 6

II. Accelerator Upgrade Path 9

A. Introduction 9

B. Requirements and Limitations 11

C. Synchrotron and Linac Options 11

D. An Upgrade Scenario 13

E. LBNF Beamline Upgrades & Targetry Capabilities 14

F. Accelerator Staging 16

III. PIP-II Linac 18

A. PIP-II Linac Design and Parameters 18

B. Main PIP-II Linac Systems 19

C. PIP-II Design Is Compatible With Science Driven Upgrades 22

D. Energy Upgrade 23

E. Beam Switching options and Multi-User Operations 25

F. Intensity Upgrade 27

G. Source Upgrades 30

IV. Rapid Cycling Synchrotron 32

A. Broad Parameters 32

B. H− Injection 33

C. Example RCS Lattice 35

D. Example 2 GeV Storage Ring Lattice 38

E. Greater Acceleration and Energy 39

V. Main Injector Operations 41

A. Beam Transfer and Injection 41

B. RF Considerations 42

C. Space Charge Effects and Beam Instabilities 44

2



D. Transition Crossing 45

E. Cycle Time Improvements 48

VI. Accelerator Summary 49

References 52

3



I. MOTIVATION

A. Science Opportunities

Whenever Fermilab has advanced the scale of its long-baseline neutrino detectors, it

has been advantageous to increase proton power to the neutrino source commensurately.

Fig. 1 shows a timeline for detector and accelerator milestones of the Fermilab long-baseline

neutrino program.

FIG. 1. Past and projected milestones in Fermilab long-baseline neutrino program, as measured

in detector mass and 120 GeV beam power at the Main Injector. [1]

The next flagship long-baseline neutrino experiment at Fermilab, DUNE/LBNF, consti-

tutes an international multi-decadal physics program for leading-edge neutrino science and

proton decay studies [2]. The Proton Improvement Plan II (PIP-II) is expected to achieve

1.2 MW beam power for the DUNE/LBNF program through the construction of a new

0.8 GeV SRF linac with a series of upgrade and improvements for the Fermilab Booster and

Main Injector [3].

The DUNE program has called for a 2.4 MW upgrade of the LBNF beamline in order

to achieve its long-baseline physics milestones (as recommended by a 2.4-MW upgrade,

DUNE is competitive with and complementary to other long-baseline neutrino experiments

proposed on a similar timescale [4–6]. Figure 2 shows the anticipated fundamental physics

results with the DUNE Technical Design Report deployment scenario.

Protons for the Main Injector are presently supplied by the Fermilab Booster, but the
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FIG. 2. Anticipated DUNE physics results, adapted from [2], with a 2.4 MW upgrade at the

6-year mark. (left) Sensitivity to determining the neutrino mass hierarchy. (center) Sensitivity to

determining a nonzero CP-violating phase. (right) Resolution of the CP-violating phase.

Booster cannot reach the intensity (13− 30× 1012) required to achieve 2.4 MW in the Main

Injector. After PIP-II, the geometry of the Booster will not accommodate further increases

in injection energy. At intensities in excess of the 6.5×1012 required for PIP-II, collective

effects may lead to prohibitive losses during transition-crossing. Consequently, the 2.4 MW

upgrade must replace the Fermilab Booster with a modern higher-power particle accelerator.

Section II provides an overview of a 2.4 MW upgrade scenario obtained by a combination of

a 2 GeV upgrade of the PIP-II linac, a new Rapid-Cycling Synchroton (RCS) to replace the

Booster, and RF upgrades to the Main Injector complex to accommodate the higher power.

The 2.4 MW upgrade path is also compatible with a subsequent upgrade to 4 MW, through

an increase in the Main Injector ramp rate (see Section V E).

In addition to the long-baseline neutrino program from the Main Injector program, a well-

planned accelerator upgrade should give consideration to the physics opportunities available

at low and intermediate energies. The 2.4 MW RCS option we discuss in this paper is com-

patible with MW-class beam power at low (∼2 GeV) and intermediate (∼8 GeV) energies,

simultaneous with the Main Injector program (see Section IV).

There is a companion white paper [7] to this document, compiled by the Booster Replace-

ment Science Working group, which surveys the compelling science opportunities available

in next-generation physics experiments. We find a wide scope of physics opportunities that

may be enabled or brought closer to realization by the PIP-II linac upgrade, the new high-

power accelerator, and/or the enhanced power of the Main Injector. The goal of [7] is not
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necessarily to prioritize the potential experiments, perform a cost assessment, or to restrict

siting options to Fermilab. Rather the goal is to inform the accelerator design by describing

experiments that may be proposed in the years ahead and the special beam requirements

needed to pursue them. With this informed accelerator design, we hope that many doors

will remain open to pursue exciting physics goals, such as searches for dark sectors, a variety

of charged lepton flavor violation searches, and precision measurements.

In [7], the science working group has striven to collect possible physics opportunities with

concrete options that are feasible in the short term, but also with a long-term vision. The

Fermilab Booster, replaced by this upgrade, was designed over 50 years ago and has been

utilized well beyond the expectations of its designers. Thinking in the same way with regards

to the Booster’s replacement, we expect the new machine will serve the HEP community for

many decades to come. Versatility and upgradability, therefore, are also core design values.

The structure of [7], is arranged in many numbered sections each of which present physics

opportunities put forth by the community. The topics were discussed in an open virtual

workshop on May 19th 2020 and input was collected from the community in the following

weeks. Every section contains a brief motivation and physics case, and a description of the

experimental setup. Since the goal of that compilation is to inform the accelerator design,

each section also contains a subsection that specifies accelerator needs, such as the type

of beam, the beam energy and intensity, the needed time structure, etc. Each topic also

situates itself in the present context of its global field of study.

The physics topics represent a broad array, pursuing goals in dark sector physics, neutrino

physics, charged lepton flavor violation (CLFV), precision tests, as well as R&D facilities,

both for detector development, and to explore new directions for HEP. The list of presented

topics is shown in Table I and labeled in these broad categories.

B. Beams Available for Science

After the Booster Replacement Science Working group [7] outlined the broad scope of

science opportunities and their individual beam requirements, we outline here how the pro-

posed programs could be powered by the linac and RCS upgrades detailed in the sections

below.

The PIP-II linac beam at 0.8 GeV is intended to support continuous beam users, for
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TABLE I. A summary of the physics opportunities presented in this document, categorized by

areas of physics they pursue.

example the proposed mu2e-II experiment [8]. In Section III D, we describe a 2 GeV ex-

tension of the PIP-II linac for injection into the RCS as well as a dedicated experimental

program. Proposed experiments using 0.8 to 2 GeV cw proton beams include the mu2e-II

CLFV experiment (see [7] Section 2), CLFV muon-decay experiments (Section 3), nucleon

form factor by muon scattering (Section 8), the MAGE muonium experiment (Section 12),

ultra-cold neutrino and antineutron annihilation experiments (Section 15), and REDTOP

rare-decay program (Section 16).

With a new polarized proton injector into the PIP-II linac (Section III G of this docu-

ment), the linac could accelerate the polarized beam to an electric dipole moment and axion

experiment ([7] Section 16).

Section IV B and IV D of this document describes how a 2 GeV Storage Ring (SR)

could facilitate H− injection into the RCS. The same ring would be capable of delivering

intense pulses of ∼35×1012 protons to a new 2 GeV beamline. The SR pulse rate would be
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tightly constrained by a H− foil-stripping injection, but as much as 60 or 120 Hz with H−

laser-stripping (i.e. a MW-scale program). The proposed experimental program includes

a PRISM-like CLFV experiment ([7] Section 2), as well as a stopped pion and low-energy

dark matter program (Section 4). An important R&D topic will be the performance of

pulse-compression methods for experiments, where we might expect to achieve a factor of

4-5 pulse compression while reducing the per-pulse intensity by less than a factor of 2.

Concurrent with the 120 GeV Main Injector program, the RCS described in this doc-

ument would provide 0.75 MW at 8 GeV (35×1012 protons every 20 Hz cycle). Possible

experiments for the RCS beamline include a kaon decay-at-rest and intermediate-energy

dark matter search ([7] Section 5), muon missing momentum experiment (Section 10), muon

beam dump experiment (Section 11), NuSTORM program and muon collider R&D (Sec-

tion 13), proton irradiation facility (Section 18), and/or any successor experiments to the

current short-baseline neutrino program [9]. For an experiment that requires continuous

beam at intermediate energy, such as the muon beam dump experiment, the muon campus

Delivery Ring performing slow-extraction could be used. Section IV E discusses options for

increasing the beam power, pulse rate and extracted energy of the RCS.

The tau neutrino appearance measurement ([7] Section 17) is an aspect of the DUNE/LBNF

program available at high energy (120 GeV and optimized horns) and high power (80− 800

events per MW-yr). Obviously, the entirety of the DUNE/LBNF beam program benefits

from the 2.4 MW upgrade, and even further by a subsequent 4 MW upgrade (see Section V E

of this paper).

The Main Injector currently operates a slow-extraction program at 120 GeV, taking 5-7

seconds once every 60 second supercycle, otherwise dedicated to the long-baseline program.

Two experimental proposals use or extend these slow-extraction beamlines, namely a high-

energy dark-matter search ([7] Section 6) and a test beam facility (Section 19). The present

Main Injector slow-extraction is loss-limited, and some improvements may be possible with

modernized slow-extraction hardware and methods. However the proposed experiments do

not require an improvement to slow-extraction efficiency and the 2.4 MW upgrade does not

directly impact slow-extraction efficiency.

For completeness, [7] also highlights several experimental programs that use electrons

or positrons - an electron missing momentum program (Section 7), nucleon form factor

by electron scattering (Section 8), and electron beam dump (Section 9). The 2.4 MW
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proton facility upgrade described in this document does not directly advance any of these

experiments, as the PIP-II p+/H− linac cannot easily be re-purposed as an electron/positron

accelerator.

II. ACCELERATOR UPGRADE PATH

A. Introduction

Phase II of the Fermilab Proton Improvement Plan (PIP-II) is driven by the need to

deliver an average of 1.2 MW of proton beam power at energies of 60-120 GeV per proton

on the target to deliver neutrino beams to the DUNE experiment. The new PIP-II super-

conducting linear accelerator system will replace the present Fermilab Linac as the primary

proton source and has the potential to deliver higher intensity proton beams for a future

robust science program, both for DUNE and for a lower-energy, high-intensity facility.

To take full advantage of the DUNE program a further doubling of the beam power on

target to 2.4 MW is being considered. Regardless of the specific configuration of the up-

graded complex, the most significant bottleneck in such an upgrade is the Fermilab Booster

synchrotron which cannot achieve the 13− 30× 1012 protons required for 2.4 MW operation

of the Main Injector.

A substantial Booster intensity increase will drive unacceptable space-charge induced

losses unless the injection energy can also be increased [10], but it will not be possible for the

Booster to increase injection energy beyond the 0.8 GeV PIP-II upgrade. The length required

for an appropriate H− injection straight (at least 1.4 GeV) cannot be accommodated by the

Booster magnet layout or even the tunnel geometry. The Booster also faces several unique

challenges - including transition-crossing, limited aperture, severe magnet impedances - that

would be completely eliminated by a modern machine.

A scenario of achieving 2-MW beam power in the Fermilab Main Injector (MI) by replac-

ing the Booster with a new rapid-cycling synchrotron (RCS) was originally laid out in the

2003 Proton Driver Study II (PD2) [11]. In 2010, a superseding RCS proposal was described

in the Project X Initial Configuration Document 2 (ICD-2) [12]. An updated concept [13],

based on the ICD-2 proposal, uses a 2-GeV upgrade of the PIP-II linac with a cost-effective

8-GeV RCS that ramps at 10 Hz and accumulates batches (pulses) in the Recycler. A sep-
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arate RCS scenario for a 2.4-MW Main Injector, featuring a 1-GeV linac, 15-Hz 11-GeV

RCS, and slip-stacking was considered in [1, 14].

Additional upgrade paths have been considered that include the possibility of direct

injection into the Recycler Ring (RR) or MI from an upgraded 8 GeV linac [12]. Injection is

geometrically constrained to be in the MI/RR-10 region and has been further restricted by

the present plan to extract toward DUNE at MI-10. A separate white paper will revisit this

configuration with updates for the current PIP-II and Main Injector geometries and further

consideration of any technology R&D that is required for high-efficiency injection.

What is presented below is one scenario that can achieve 2.4 MW to DUNE while en-

abling a lower-energy science program that is in line with many of the science opportunities

presented in the previous chapter. While variations of this scenario exist and will no doubt

be contemplated in the future, this scenario meets the essential requirements using exist-

ing methods and technologies and provides a starting point for more detailed studies and

discussions. Below are the main highlights of the scenario:

• Central to the scheme will be the construction of a new RCS system to replace the

existing Booster. Although higher energies could be considered, the output energy of

the RCS presented here is 8 GeV to minimize the impact on existing Main Injector

systems such as the injection infrastructure. The RCS system will run at a higher

repetition rate than the present Booster in order to reduce the fill time into the Main

Injector, and it will be optimized in a variety of ways for high-intensity operation.

Additionally, the RCS design will emphasize compatibility with potential technology

upgrades, which may enable greater stability and performance at higher intensities.

• An extension of the PIP-II linac to 2 GeV allows for a higher injection energy into the

RCS in order to mitigate space charge effects and also expands the science opportuni-

ties with lower energy beams.

• With the higher repetition rate and higher intensity of the RCS system, the slip-

stacking operations performed in the Recycler synchrotron will no longer be required,

simplifying the operation and minimizing the overall accelerator time line.

• Main Injector power supply improvements will reduce the overall cycle time of the

system to under 1 second, improving the average beam power to DUNE.
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The above approach is meant to optimize the existing infrastructure with a new high

intensity accelerator system that can (a) meet the doubling of the beam power for DUNE

in a relatively short period of time, (b) bring to the laboratory a new lower-energy yet very

high-intensity scientific program which best utilizes the new system, and (c) provide a path

to even higher beam power on target for DUNE. The scenario as described removes the need

of the Recycler as a storage ring. Hence, once 8 GeV beam is no longer required for the

present Muon campus, space for an RF upgrade in the MI tunnel is enabled. This, coupled

with a power supply upgrade, would improve the Main Injector ramp rate, providing even

higher beam power to DUNE. As is typical, exact timing and implementation of all phases of

the upgrade will require careful planning and coordination between laboratory management

and the experimental program.

B. Requirements and Limitations

The following basic principles were adhered to in arriving at the proposed injector upgrade

path:

• The accelerator complex development will be based on the capabilities and infrastruc-

ture resulting from the implementation of PIP-II.

• The upgrade shall be balanced with respect to the practicality of implementation on

one side, and the potential for further development on the other.

• The upgrade scenario will be based on well-established technologies.

• The upgrade to the complex shall enable reliable and safe operations. The beam losses

shall be kept at a level preventing excessive component and enclosure activation to

allow for safe and efficient accelerator maintenance.

C. Synchrotron and Linac Options

Previous studies of Fermilab upgrade possibilities have considered Linac-based and RCS-

based alternatives, and discussions of each implementation continue. Below is a list of

potential advantages of an RCS-based option:

11



• This may provide the most straightforward replacement of the existing RCS injector,

namely the Booster. Injection, accumulation and other operational procedures in the

MI could remain substantially unchanged.

• The pulsed delivery of beam is desirable for many experiments, particularly neutrino

beams. An RCS readily re-packages linac beam as pulsed beam, although the pulse

structure is constrained by the fixed ring circumference.

• A new RCS could have an injection section designed and optimized for H- injection.

Losses at injection would occur at lower energy (2 GeV) rather than the 8 GeV of a

full-energy Linac injection.

And following is a list of potential advantages of a Linac-based option:

• Many experiments benefit from a CW beam, particularly lepton flavor conservation

experiments. This is most readily obtained from a CW linac.

• While foil-stripping injection may be more difficult at 8 GeV into the existing Recycler

Ring or Main Injector, laser-assisted injection may be easier because lower-frequency

lasers can be used. The required laser power at these lower frequencies will be much

more easily obtained.

The linac scenario produces intrinsically higher duty factors at 8 GeV for experiments,

while the RCS scenario produces intrinsically lower duty factors. A small array of possible

configurations of linac and RCS upgrade options are presented in Fig. 3.

FIG. 3. Some Booster Replacement Upgrade options. Left: Linac upgrade plus RCS, tying into

existing 8 GeV beam line system. Center: Linac upgrade with RCS, injecting into MI62 straight

section in Main Injector. Right: Linac-only upgrade.
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D. An Upgrade Scenario

This accelerator design exercise has been an attempt to deliver a possible upgrade path

that in principle can satisfy the near-term goal, on a reasonable time scale, of doubling

the beam power to DUNE beyond the PIP-II expected performance level while enabling

directions for even higher power beam to DUNE as well as a possible lower-energy science

program at Fermilab. Several options for replacing the bottleneck system – the Booster

synchrotron – can be contemplated, including the extension of the PIP-II linac energy to 8

GeV or a direct replacement of the Booster itself with a more modern system, for example,

or a combination of both. The option of replacing the Booster with a new rapid-cycling

synchrotron (RCS) has received extensive investigation and the scenario presented meets

the goals of the study in a straightforward way. This is not to say that new concepts and

other scenarios cannot meet the same goals if more effort were invested into those directions.

But with the scenario at hand, a direction for the laboratory can be envisioned wherein the

high-energy neutrino program can be upgraded well beyond the expected PIP-II era levels,

while enabling a new, high-power lower-energy world-class science program at the laboratory

utilizing much of the existing infrastructure of the present injector system.

The scenario that will be discussed in the upcoming sections of this report involves two

major upgrades, namely an extension to the PIP-II linac increasing its output energy, and

the replacement of the Booster with a new RCS system to deliver high intensity proton

beams directly to the Main Injector. The exact output energy of the linac is partially

determined through input from the scientific community, in an attempt to maximize the

amount of science that can be performed with this lower-energy high power beam. The

output beam energy of the RCS for this study has been kept at 8 GeV for optimization of

performance within the existing injector complex, but could also be fine-tuned to a different

value (10, or 12 GeV, say) if a compelling science case were made.

Figure 4 shows a drawing of the Fermilab site plan with overlays of possible locations

for an RCS and an extension of the PIP-II linac. All layouts of beam lines and accelerators

are conceptual only. The “arrows” indicate the possible delivery of beam toward a new

experimental area from the RCS or directly from the linac system.

The general parameters of the Booster replacement scenario are presented in Table II,

with further details presented in the following sections. The potential beam powers listed in
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FIG. 4. Possible Booster replacement upgrade layout on Fermilab campus. Blue indicates an

extension to the PIP-II linac; green indicates a new rapid cycling synchrotron facility.

the table are for dedicated operation at the specific energy, assuming a CW linac extension.

E. LBNF Beamline Upgrades & Targetry Capabilities

A 2015 technical description of the LBNF beamline can be found in the DUNE/LBNF

CDR Vol. 3 [15] and Annex 3a [16]. The LBNF facility is designed to be compatible with

2.4 MW beam power operation. The possibility of 4 MW operation or retrofit of the LBNF

target facility is still under investigation, and depends on the beam parameters of the ac-

celerator upgrades. In 2017, the target and geometry was optimized for physics reach at

1.2 MW under mechanical constraints by genetic algorithm [17], and the LBNF beamline

was been updated [18]. Beam operation of the facility beyond 1.2 MW will require upgraded

designs of the target, and some portion of the horns and beam windows.

The design of the LBNF target itself was informed by the helium-cooled T2K carbon

target as well as NuMI operational experience. In an Aug 2019 conceptual design review,

a cantilevered target design was selected for 1.2 MW operation out of three options, with
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TABLE II. General Parameters

Parameter Value Unit

Linac final energy (kinetic) 2 GeV

Linac ave. current 2 mA

Linac pulse length 3 ms

Linac extension length 120 m

Potential CW beam power at 0.8 GeV 1.6 MW

Potential CW beam power at 2 GeV 4 MW

RCS final energy (kinetic) 8 GeV

RCS intensity 35 1012

RCS batches to MI 5

RCS circumference 570 m

RCS bend field (inj/ext) 0.31/1.0 T

RCS RF frequency (ext) 52.8 MHz

RCS RF voltage 1.2 MV

Potential pulsed beam power∗ at 8 GeV 0.75 MW

MI intensity 175 1012

MI cycle time 1.4 s

MI RF peak voltage 4.8 MV

MI beam power (120 GeV) 2.4 MW

Potential beam power with ramp upgrade 4 MW
∗ Concurrent with 2.4 MW MI operation.

preference towards minimizing target exchange downtime and technical risk [19]. Future

efforts would include designs of a 2.4 MW target, horns, windows, and other devices, as well

as the integration plans for retrofitting the facility.

Target lifetime and indicators of target integrity are also an active area of R&D work. The

Radiation Damage In Accelerator Target Environments (RaDIATE) collaboration [20] was

developed to study a broad suite of accelerator target, dump, window, and collimator mate-

rials under extensive radiation damage and thermal shock. As part of the RaDIATE collab-

oration, accelerator relevant materials are exposed to high radiation dose at the Brookhaven
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Linac Isotope Producer (BLIP) facility, after which they can be subject to examination and

testing procedures. CERN’s High-Radiation to Materials (HiRadMat) facility enables the

post-irradiation materials to subsequently be exposed to thermal shock testing from a high-

energy accelerator beam. Presently, Fermilab has a 400 MeV irradiation test area, ITA, and

Section 18 of [7] contains a proposal consistent with an 8 GeV proton irradiation facility

that would deliver 1018 protons within a few hours; other options for irradiation at Fermilab

include target stations fed by PIP-II for radiation damage, and the AP-0 target station for

thermal shock. Fermilab is also constructing a Target Systems Integration Building which

will enable the assembly of new devices for LBNF, and include a High-Power Targetry Lab-

oratory for the investigation of the properties of irradiated materials and assemblies, either

already in use or proposed.

F. Accelerator Staging

With the development of a new accelerator system to replace the present Booster it is

imperative that the construction be performed in a way to minimize the impact on on-going

operations. With the upgrade as described, a staged approach can be envisioned, though

details remain to be worked out. For instance, one could envision the following scenario:

• Commission PIP-II for 1.2 MW operation to the DUNE program.

• Enable an 800 MeV science program from PIP-II.

• While running the above programs,

– build linac extension to 2 GeV,

– commission the 2 GeV linac extension using spare linac pulses in the operational

time line, and

– commission 2 GeV science program; meanwhile,

– construct the RCS and associated beam lines, and

– commission the RCS using low-intensity beam from the 2 GeV linac system.

• In a somewhat longer shutdown, the Main Injector RF system upgrade would be

performed, and the connection of the RCS system with the Main Injector would be

completed.
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• Commission the RCS/MI system to 2.4 MW to the DUNE program.

• At some point, while running high-power low-energy program, during a long shut-

down an upgrade to the MI power supply system can be performed to achieve >2.4

MW to DUNE. Prior to the shutdown, service building upgrades and other necessary

infrastructure enhancements could be performed.

Depending upon scheduling, one can imagine a scenario in which the conventional RCS is

constructed prior to the completion of the full energy upgrade of the superconducting PIP-II

linac to 2 GeV. The question is, at what injection energy can the linac deliver beam to the

RCS and still create 1.2 MW power to DUNE? To answer this, a study was undertaken to

look at the performance of the desired RCS layout but with variable injection energy. In

this model, the RCS intensity is scaled down by keeping the space-charge tune spread and

normalized emittance constant. At energies less than 1.2 GeV the geometric beam emittance

becomes constrained by beampipe aperture (about 50% larger geometric emittance than the

2 GeV beam), and so at these energies intensity and normalized emittance are scaled down

by keeping the space-charge tune spread and geometric emittance constant.

Fig. 5 shows the model of the expected RCS intensity and corresponding Main Injector

power. At 1.2 GeV, the Main Injector reaches the 1.2 MW PIP-II benchmark except without

relying on the Recycler Ring or slip-stacking. Another natural break point is 1.6 GeV, where

the Main Injector achieves the maximum beam power limit (1.8 MW) without upgrading

Main Injector RF power. For our RCS design, the intensity required for a 2.4 MW DUNE

program is not easily achievable without the full injection energy of 2 GeV. An RCS design

to achieve the required intensity at less than 2 GeV is certainly possible, but a full trade-off

study between linac cost, RCS cost, and low-energy experimental programs is beyond the

scope of this document.
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FIG. 5. Left, estimated RCS Intensity as a function of linac injection energy. Right, corresponding

Main Injector power at 120 GeV, assuming stacking in the Main Injector.

III. PIP-II LINAC

A. PIP-II Linac Design and Parameters

The Proton Improvement Plan-II (PIP-II) encompasses a set of upgrades and improve-

ments to the Fermilab accelerator complex aimed at supporting a world-leading High Energy

Physics program over the next several decades. The P5 report [21] recommendation and the

DOE-approved Mission Need Statement [22] define the primary goals for PIP-II:

• Deliver beam with a power of 1.2 MW to the LBNF/DUNE target, upgradable to

multi-MW

• Deliver a platform capable of high-duty-factor/high-beam-power operations and pro-

viding flexible bunch patterns to multiple experiments simultaneously

• Deliver a platform to support future upgrades of the accelerator complex

• Ensure sustained high reliability of the Fermilab accelerator complex

• The above capabilities should be provided in a cost-effective manner.

As part of the project, PIP-II delivers a superconducting Linac to fuel the next generation

of intensity frontier experiments. The linac will accelerate H- ions to 800 MeV for injection
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into the Booster. The project includes upgrades to the existing Booster, Main Injector, and

Recycler rings that will enable them to operate at an increased repetition rate (Booster at 20

Hz and Main Injector at 0.83 Hz) and deliver a 1.2 MW proton beam on the Long Baseline

Neutrino Facility (LBNF) target. Figure 6 show the PIP-II Linac with the Beam transfer

Line to the Fermilab Booster on the campus. Figure 7 shows the layout of the major linac

components. Table III lists the major linac parameters.

FIG. 6. PIP-II Linac location on Fermilab campus.

B. Main PIP-II Linac Systems

• Ion sources and LEBT. The baseline design of the PIP-II linac includes two identical

multi-cusp, filament-driven, H- sources with their own LEBT branches. A 3-way

switching magnet allows switching between sources within minutes. Switching between

the two ion sources allows maintaining one of the sources while the other can provide

beam for operations, increasing beam availability. The ion sources are designed to

operate in the DC regime, producing up to approximately 15 mA of H- beam current.

• RFQ The PIP-II RFQ is a 4-vane brazed structure operating at 162.5 MHz. The

RFQ is designed to accelerate the beam to 2.1 MeV in the CW regime. The beam

dynamics of the RFQ was optimized for acceleration of beam with intensity up to

15 mA. Further increase of the beam intensity leads to beam quality degradation and
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FIG. 7. PIP-II Linac with the cryoplant and the cryo distribution line (CDC). The linac consists

of the room-temperature front end, one HWR cryomodule, two types of Single-Spoke resonators

(SSR1 and SSR2), and two types of elliptical resonators (LB650 and HB650).

TABLE III. PIP-II Parameters for LBNF and multi-user modes. Corresponding beam parameters

in the multi-user mode must be adjusted according to user’s share.

Parameter LBNF Mode Multi-User Mode comment

Beam Energy (MeV) 800 800 upgradable, see III D

Ave. current (mA) 2 2 limited by amplifiers, see III F

Pulse length (ms) 0.5 Programmable, CW

Bunch rep. rate (MHz) ∼ 70 Up to 162.5

Min. Bunch spacing (ns) 6.2 6.2

Bunch length (ps) 4 4

H- per bunch 1.9 × 108 Up to 4 × 108

H- per pulse 6.5 × 1012 Programmable

Pulse rep. rate (Hz) 20 Adjustable

Beam power (kW) 17 Up to 1600

losses. The RFQ sets the minimum temporal separation between bunches in the linac.

• MEBT Chopper The MEBT chopper is designed to selectively remove bunches with-

out affecting neighboring bunches. The chopper can create arbitrarily programmed
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bunch patterns. The chopper consists of two kickers, a beam absorber, and pulse form-

ing electronics. The beam intensity is reduced by approximately 60% in the MEBT by

the fast MEBT chopper and collimators to ensure lossless injection of the 162.5 MHz

PIP-II bunch pattern into the 45 MHz RF of the Booster.

• SRF Linac The SRF linac is designed to accelerate H- beams and consists of five

different types of cavities as show in Fig. 7. The number of cavities and their design

are optimized to match the velocity profile of the accelerated H- beam. The scope of

the PIP-II project includes four HB650 cryomodules, sufficient to accelerate the beam

to 833 MeV. The linac tunnel allocates space for additional two HB650 CMs that can

accelerate the beam to 1050 MeV. The design of the RF cavities is optimized for CW

operations with a beam intensity of several milliamperes. The cavities do not include

HOM dampers, as they are not required at this intensity.

• RF Amplifiers The maximum beam current accelerated by cavities, assuming the

acceleration voltage profile is fixed, is determined by the available RF power. PIP-II

Linac RF amplifiers were specified to accelerate beam with a peak current of 2 mA.

The PIP-II amplifiers are solid state, CW amplifiers. The power ratings of the PIP-

II baseline design amplifiers are 7 kW, 7 kW, 20 kW, 40 kW, and 70 kW for HWR,

SSR1, SSR2, LB650, and HB650 cavities respectively. The power specification includes

overhead to compensate for transmission losses and to provide control margin.

• Beam Transfer Line (BTL). The PIP-II project includes a beam transfer line (BTL)

to deliver the beam from the linac to the Fermilab Booster. The BTL is approximately

300 m long. It is designed to transport 1 GeV beam and consists of two achromatic

arcs, one small and one large, and two straight sections. The BTL also includes a

dump rated for 25 kW of beam power.

This choice of systems parameters determines some important PIP-II Linac features:

• The MEBT chopper can provide arbitrary, programmable bunch patterns, including

gaps and reduced frequency. This functionality is critical for PIP-II operations. Be-

cause the frequency of the linac RF is not a harmonic of the Booster RF, a significant

portion of the linac bunches will be lost at injection into the Booster. The chopper
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will selectively remove bunches that would be injected too close to the separatrix or

miss the bucket, eliminating losses [23]. Based on simulations of the injection process

into the Booster, the chopper will have to remove up to 60% of the bunches. Similar

functionality will be required in the case of the RCS. In addition, the chopper will

be used to produce the flexible bunch patterns required for users and machine oper-

ations, e.g. reduce the bunch frequency or instantaneously turn off and turn on the

beam while switching the beam between users to reduce losses.

• The highest bunch frequency is 162.5 MHz, determined by the RFQ. The bunch fre-

quency can be reduced using the MEBT chopper.

• The number of H- per bunch can reach to 4×108 without suffering significant degrada-

tion of the beam quality. The nominal bunch intensity in the LBNF mode is 1.9× 108

H- per bunch.

• The average beam current (over 1 µs) is limited to 2 mA (1.25 × 1016 H-/sec) by the

RF power available from the RF amplifiers. Any combination of bunch frequency and

charge is possible if the average current in the pulse does not exceed 2 mA, the bunch

frequency does not exceed 162.5 MHz, and the maximum number of particles per

bunch does not exceed 4× 108. Options for increasing the beam current are discussed

later in Section III F.

• High quality, low halo beam.

• Capable of accelerating protons with the addition of a proton ion source (presently

not in scope). See more in Section III G.

• The linac is not suitable for acceleration of electrons or ions heavier than protons.

C. PIP-II Design Is Compatible With Science Driven Upgrades

The PIP-II Mission Need Statement (MNS) requires PIP-II to deliver 1.2 MW of the

beam power onto the LBNF target. The MNS also emphasizes the need to implement PIP-

II in a manner that will allow a subsequent doubling of beam power delivered from the

Main Injector and maintain compatibility with subsequent upgrades in support of a broader
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spectrum of particle physics research opportunities. The design of the PIP-II linac includes

provisions that facilitate future upgrades and addition of users. Figure 8 shows the layout

of the baseline design with design features included to facilitate future upgrades:

1. The linac tunnel includes the space and provisions for required infrastructure (e.g.

wave guide penetrations) for two additional HB650 cryomodules. The addition of two

cryomodules in the linac tunnel will increase the beam energy above 1 GeV.

2. Space at the downstream end of the linac to add either an RF separator or a beam

switchyard with a fast switching magnet.

3. A stub at the end of the linac tunnel for straight-ahead extension of the linac to

increase the beam energy beyond 1 GeV and provide beam to other experiments and

accelerators.

4. A stub in the beam transfer line to the Booster to provide beam to the Muon Campus

and other users.

FIG. 8. Provisions included in the baseline design of the PIP-II linac and BTL to facilitate future

upgrades and addition of users.

D. Energy Upgrade

1 GeV upgrade. The PIP-II linac tunnel includes space for two more HB650 cryomodules,

as shown in Figure 8. The linac beam energy will be increased above 1 GeV by adding two
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HB650 cyomodules. The conventional facilities include provisions for the systems required

to operate the cryomodules, e.g. penetrations for RF wave guides and magnet current lead

cables. The cryoplant capacity is sufficient to operate the additional cryomodules.

2 GeV upgrade. The energy of the PIP-II beam can be further increased by extending

the linac tunnel and adding more cryomodules. To facilitate this construction, a stub will

exist at the end of the tunnel as shown in Fig. 8. Also, the power of the beam dump at the

end of the linac is limited to reduce activation of the area at the end of the linac.

The linac tunnel can be extended by 400 feet without requiring DOE to conduct a new

Environmental Assessment. Figure 9 shows the linac extension with the added cryomodules.

This extension is sufficient to accommodate 14 more HB650 cryomodules based on the

geometrical dimensions of the cryomodules, quadrupoles, and drifts between cryomdules.

These 14 cryomodules with the two additional cryomodules in the existing linac tunnel (the

1 GeV option) are expected to increase the beam energy roughly to 2.5 GeV. This beam

can be injected into the RCS as described in this paper and/or provided to other users in a

concurrent multi-user mode. It is important to note that a smaller number of cryomodules

can be operated if a lower energy is required for the RCS and users. Also, the energy upgrade

can be staged by gradually adding cryomodules and increasing the beam energy. If CW or

high duty-factor modes of operation are not required, pulsed-RF design and mode operation

can be considered for the upgrade, enabling significant cost reductions for the cryoplant, RF

systems, infrastructure, etc.

FIG. 9. PIP-II Linac extension includes up to 14 HB650 CMs sufficient to reach energy above 2

GeV.
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Previous studies conducted to compare the efficiency of HB650 and 1.3 GHz (TESLA)

cryomodules for the linac extension concluded that 650 MHz HB650 cavities and cryomodules

were more efficient below 2 GeV, and possibly as high as 3 GeV. By the time the PIP-

II energy upgrade will be ready to be implemented, the design and performance of the

HB650 cryomodule and its cavities will be validated and significant experience with their

manufacturing, testing, and operation will be obtained.

E. Beam Switching options and Multi-User Operations

The PIP-II linac (with no energy upgrade) is capable of delivering a CW beam with

a power of 1.6 MW. The LBNF/DUNE experiment in the PIP-II era (1.2 MW on LBNF

target) requires only approximately 1.1% of the total beam intensity. Even with the doubled

beam power on target, the LBNF beam will require only 2.2% of the linac CW intensity.

The rest of the beam can be delivered to multiple users, enabling concurrent operations.

There are two main types of devices that can be used to distribute beam to multiple

users.

• RF Separators are RF cavities that operate at a harmonic number of the bunch

repetition frequency and separate the beam in two or more beamlets. Instead of

accelerating the beam, RF separators are designed to provide a transverse kick using

either electric or magnetic RF field. Figure 10 shows the principle of operation of

an RF separator. The kick provided by the separator depends on the bunch arrival

phase. This separator will split the CW beam with a frequency of 162.5 MHz into

three beamlets: two 40.125 MHz CW beams pointing up and down and one 80.5 MHz

CW beam going through without deflection. The RF separator requires a drift after

the cavity to increase separation between bunch trajectories sufficiently to insert a

septum magnet. Using the fast chopper in the MEBT, some bunches can be removed,

enabling operations with only two beamlets. In all of these cases, the sum current of all

the beamlets cannot exceed the maximum average linac beam current of 2 mA. Note

that RF separators are used successfully at many accelerator facilities, e.g. CEBAF

at the Thomas Jefferson National Accelerator Facility.

• Fast Switching magnets can deflect the beam to required experiments and switch
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between beam destinations in 10-20 microseconds. Such a magnet can be programmed

to switch the beam periodically between multiple users in a quasi-concurrent manner,

delivering periodic bursts of beam with the full pulse intensity. The fast MEBT

chopper will turn off the beam in the linac during magnet switching to avoid beam

losses.

FIG. 10. RF Separator Concept. An RF cavity, operating at a harmonic number of the bunch

repetition frequency, is designed to provide a transverse kick. The amplitude and the direction of

the deflection angle depend on the phase of bunch arrival in the cavity.

RF separators and fast switching magnets can be combined in any required combination

making PIP-II capable of providing flexible bunch patterns and high duty factor/higher

beam power operations to multiple experiments simultaneously. Figure 11 shows possible

beam distribution options for concurrent operation of multiple users. In these options, either

a 3-way fast switching magnet or an RF separator at the end of the PIP-II linac would direct

the 0.8 – 1 GeV beam to Muon campus/FNAL Booster, other users, and to the extension

of the linac for further acceleration to a higher energy. The beam can be further divided

downstream using additional RF separators and fast switching magnets. Note that an RF

separator might require a superconducting cavity with the relevant infrastructure to provide

a required deflection angle at a high energy.
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FIG. 11. PIP-II Linac extension to 2 GeV into the RCS. with extraction lines at 2 GeV and 1

GeV.

F. Intensity Upgrade

To achieve 1.2 MW of beam power on the LBNF target, PIP-II needs to accelerate 550

µs-long pulses with an average peak current of 2 mA. This peak beam intensity is an order

of magnitude lower than that in some other pulsed, high-power accelerators such as SNS or

ESS. This choice provides several advantages. First, it reduces intensity-dependent effects

and alleviates their impact on the beam quality, simplifying beam chopping and allowing

for precision painting during injection into the Booster. Second, it allows using widely

available, easy-to-operate, CW-capable solid state amplifiers. On the other hand, a lower

beam intensity requires longer injection into RCS. Injecting long pulses in RCS can be

problematic due to injection foil overheating and the requirement to keep the RCS field flat

during injection. Increasing the beam current in the linac can mitigate these issues. It is

conceivable that other future experiments can benefit from increased beam current as well.

In considering options for boosting the linac intensity, we divide the intensity increase

into two ranges loosely based on the impact on accelerator systems and beam parameters:

a moderate increase by roughly a factor of 2 and a substantial increase by a factor of 5 to

10.

Moderate increase of linac beam current. Results of numerical studies and engi-

neering estimates show that increasing the beam current to 4-5 mA, that is, by a factor of

2 to 2.5 relative to the PIP-II baseline design, is feasible without significant design changes
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and requires only increasing the output power of RF amplifiers roughly proportionally to

the beam current. The increased RF power output can affect requirements for the facility

electrical power, utilities, and space. Therefore, more compact and efficient amplifier designs

shall be evaluated as an alternative to solid state amplifiers.

Substantial increase of linac beam current. An increase of the linac beam current

by a factor of 5 to 10 (from 2 mA to 10 mA to 20 mA) will have a significant impact on

accelerator performance. This impact needs to be fully evaluated. Results of these studies

can require optimization of machine parameters, operational regimes, and, ultimately, the

machine design to mitigate effects caused by the increased intensity. Below is a list of

systems and issues that require close attention.

• Ion source. Note that the beam current extracted from the ion source has to be

a factor of 2.5 times higher than the beam current in the linac (see section III A).

Thus, the ion source will need to produce 25 to 50 mA of beam current. Presently, no

existing H- high-brightness source can produce this much current in the DC regime.

There are pulsed state-of-the-art H- sources than can operate with this pulse intensity.

For example, the SNS H- source can reliably generate 40-50 mA, 1 ms-long beam pulses

at 60 Hz with a duty factor of 6%.

• Accelerator front end. The front end plays a critical role in the accelerator. Besides

generating the beam and providing initial acceleration, it is responsible for forming the

beam, including the beam quality and the bunch pattern. The significantly increased

space charge will adversely affect performance of the front end and, as a result, the

whole accelerator.

The PIP-II RFQ was designed for a maximum current of 15 mA, corresponding to a

current of 6 mA in the linac. Increasing the beam intensity beyond these values will

cause significant emittance growth, reduced transmission in the RFQ, and losses in the

linac. Although these issues can be partially mitigated by more aggressive collimation

in the MEBT, a new RFQ with the design optimized for a higher current will likely

be required.

The beam transport in the front end needs to be reevaluated in the presence of strong

space charge. The strength and, possibly, the arrangement of focusing elements will
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need to be optimized to compensate the defocusing effect of the space charge and

prevent degradation of the beam quality and halo formation.

The effectiveness of the MEBT chopping scheme with the significantly increased beam

intensity needs to be verified. The distorted optics and deteriorated beam quality can

reduce the efficiency of the fast MEBT chopper, increasing beam losses in the linac

and at injection in the RCS to an unacceptable level.

In mitigating high intensity effects in the front end, it is important to optimize the

front end as an integrated system that defines the beam in the machine. The design

of several critical systems and a choice of their operational parameters need to be

re-examined.

– Ion source

– RFQ design, including its frequency and energy

– Beam transport optics in LEBT and MEBT

– The beam chopping scheme

These changes can affect the low energy part of the SRF linac and the choice of

parameters for the first few cryomodules. A room-temperature structure, such as the

DTL, can be considered as an alternative to the first few cryomodules, especially, if

the linac can be operated in a pulsed regime.

• SRF cavities and couplers. PIP-II cavities were designed for a low beam current

and high gradient. The position of the fundamental coupler was optimized for low

coupling and might not be suitable for high current operations. Thus, it is necessary

to demonstrate that PIP-II SRF cavities can be optimally coupled for the significantly

increased beam current. In addition, it is necessary to ensure that PIP-II couplers are

compatible with the required power, both average and peak. Finally, PIP-II cavities

do not include High Order Mode (HOM) couplers or other provisions to damp the

field of HOMs. It will be necessary to demonstrate that the field excited by the beam

in undamped HOMs cannot adversely affect cavity performance and beam parameters

(longitudinal and transverse beam instabilities).
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• RF Amplifiers. The output RF power of the amplifiers needs to be increased pro-

portionally with the beam current, reaching the 350 kW - 700 kW range for HB650

cavities. This output power will require amplifiers of a different design operating in a

pulsed regime.

• Intrabeam stripping. Intrabeam stripping of H- ions causes beam losses that po-

tentially can limit beam intensity. The rate of intrabeam stripping scales quadratically

with the bunch intensity. At approximately 6-7 mA, the local beam loss due to intra-

beam stripping will reach 1 W/m, assuming other beam parameters are unchanged.

The beam peak intensity can be further increased if the beam duty factor is decreased

to keep average losses under control. Thus, intrabeam stripping can prevent high-

current CW operations and limit beam availability to users.

Thus, technical solutions and operational parameters adapted for the design of the PIP-II

Linac will need to be reexamined. Very likely, the linac will require significant modifications

to be able to operate with 10-20 mA beams. The changes can affect the design of the front

end, including the lower part of the SRF linac, the design of cavities and couplers, the choice

of the bunch frequency, and the operational mode (pulsed instead of CW).

As can be seen from the preceding discussion, substantial increases to beam intensity in

the PIP-II linac system will require much study and investment. For our upgrade scenario

envisioned below, only modest increases in beam intensity already achievable by the PIP-II

system, on the scale of factors of 2-3 or less, are contemplated.

G. Source Upgrades

FIG. 12. Two PIP-II ion sources, LEBT, and RFQ
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Although the PIP-II linac was designed to accelerate H- ions, it is also capable of acceler-

ating protons. Most of the accelerator components, such as the RFQ, quadrupole magnets,

solenoids, and cavities, are capable of accelerating protons without modifications or chang-

ing their polarity and/or phase. The components that need further evaluation and possibly

adjustments to their design and operational procedures are LEBT and MEBT choppers.

Also, instrumentation that relies on electron stripping, such as laser-wire profile monitors,

will not be able to operate with protons.

The LEBT 3-way magnet can be used to inject protons into the RFQ simultaneously with

the H-, thus, enabling simultaneous acceleration of proton and H- beams in the linac. As an

option, protons can be accelerated between H- LBNF pulses. A simple dipole magnet at the

end of the linac will separate the beams. Simultaneous acceleration of H- and proton beams

will require careful evaluation of the orbit correction procedure because dipole correctors in

the linac will steer H- and proton beams in opposite directions.

Using a proton ion source instead of one of the H- sources as shown in Fig. 12 will impact

beam availability to LBNF and other experiments due to required source maintenance. To

avoid this proton sources can be added by means of additional merging/switching dipole

magnets as shown in Fig. 13. The impact of the longer LEBT transport combined with the

beam space charge on the beam quality needs to be carefully evaluated.

FIG. 13. Two PIP-II ion sources, LEBT, and RFQ

Conceptually, it is feasible to operate the accelerator with two different H- sources by

switching between sources sequentially using a fast electrostatic deflector. The switching
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time can be sub-microsecond. Conceivably, this option can be employed if two H- sources

have significantly different properties, e.g. one of the sources is polarized. This option,

although it is feasible and simple compared to the complexity of rest of the project, requires

significant redesign of the LEBT.

IV. RAPID CYCLING SYNCHROTRON

A. Broad Parameters

The RCS parameters described in Table IV enable 2.4 MW Main Injector operation and

a MW-class 8 GeV beamline program. The Main Injector program is upgradable to 4 MW

and the 8-GeV beamline program to ∼2 MW (but not both concurrently).

TABLE IV. RCS General Parameters.

Parameter Value Unit

RCS Intensity 35 1012

RCS Injection Energy 2 GeV

RCS Extraction Energy 8 GeV

RCS Norm. Emittance (95%) 24 mm mrad

RCS Tune-Shift 0.20

RCS Vertical Aperture 4.4-6.2 cm

RCS Circumference ≤ 57 m

Number of RCS batches 5

RCS Ramp-Rate 20 Hz

Available RCS Power (60 GeV MI) 0.65 MW

Available RCS Power (120 GeV MI) 0.75 MW

MI Intensity 175 1012

MI Power (60 Gev MI) 1.85 MW

MI Power (80 Gev MI) 2.00 MW

MI Power (120 Gev MI) 2.40 MW

For an 8 GeV extracted RCS energy, much of the existing Booster-MI transfer line in-

frastructure can be re-purposed (see Section V).
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At 0.8 GeV the RCS would have an extreme space-charge tune-shift of -0.62, but the

tune-shift can be suppressed down to -0.2 by upgrading the PIP-II linac energy to 2 GeV

(described in Section III). The RCS lattice design should also be superperiodic to enhance

dynamic aperture. A superperiodic RCS lattice design would facilitate an RCS design which

can (optionally) be made compatible with integrable optics or electron-lens technology [24–

26] which would act to mitigate collective instabilities and halo formation.

To minimize uncontrolled losses and emittance growth, the RCS would feature phase-

space painted injection, modest space-charge, aggressive collimation, and transition-free

acceleration. The RCS can use a metalized ceramic beampipe to prevent eddy-current

heating. If the Fermilab proton complex maintains the 53 MHz RF frequency structure

currently in use, the harmonic number of the RCS is 101.

B. H− Injection

A nearly 3 ms injection time is required to fill the RCS with the 2 mA PIP-II linac beam,

which presents two challenges. The first challenge is that the bend field changes by 1-2%

over the course of the injection time due to the resonant-circuit ramping magnets. The

second challenge is foil-stripping injection for 3 ms at high-energy, which requires a long

injection straight, with large beta functions and high-power beam collimators to control foil

temperature and beam scattering. The large number of injection turns greatly increases foil

heating.

Retrofitting the PIP-II linac as a 5-10 mA pulsed linac would alleviate both of these

challenges with the multi-ms fill time. Section III describe the required upgrades.

Alternatively, a 2 GeV storage ring (SR) would also alleviate both challenges associated

with the multi-ms fill time, but also expand the range of science programs that can be

accommodated. The SR could use permanent or DC-powered magnets, share the same

tunnel with the RCS, and/or have wider apertures and longer straight sections. The 2 mA

beam could also be foil-injected using several 120 Hz painting cycles and then transferred

to the RCS for immediate acceleration.

For H− stripping injection by foil, the foil will be heated by the circulating proton beam

over the injection time, and the peak foil temperature can be calculated using the method

outlined in [1]. Figure 14 shows the foil heating calculation for two RCS scenarios in compar-
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ison to the PIP-II Booster foil heating [3]. In the first scenario, the PIP-II linac is retrofitted

for 5 mA pulsed beam injected directly into the RCS. In the second scenario, 2 mA PIP-II

linac beam is injected into a storage ring, accumulated at a rate of 20 Hz gradually over

120 Hz painting pulses. Both scenarios assume 35 × 1012 protons, 2 GeV injection energy,

and preliminary parameters for individual foil thickness and beam optics .

FIG. 14. In green, the injection foil temperature in the RCS with beam from 5 mA linac. The

injection time is 1.2 ms. In orange, the injection foil temperature in the 2 GeV storage ring with

120 Hz painting cycling cycles. (Six 0.5 ms injections every 20 Hz cycle.) In blue, the injection foil

temperature in the PIP-II Booster.

Fig. 15 shows the foil injection scheme for a 2 GeV H− beam using a horizontal four-

magnet chicane spanning 17 m. The inner chicane dipoles and the inflector magnets are

limited to 0.17 T to keep the H− Lorentz stripping rate well below 10−6/m [27]. The

outer chicane dipoles are at 0.34 T and can be powered on the same circuit as the inner

chicane dipoles. The unstripped H− and H0 particles can pass through a thicker second foil

and extracted into a line for diagnostics and beam dump. In this preliminary design, the

incoming linac beam clears the circulating beam orbit by 58.2 cm leaving adequate clearance

for the horizontal width of the quadrupole focusing triplet. Injection painting magnets (not

shown) may be placed in the 6 m between the inner and outer chicane magnets. The 1 meter

separation between the inner chicane magnets leaves adequate space to improve the injection

with new H− stripping methods, such as multiple thin foils or laser-stripping methods.

The injection design is very similar to that which has been successfully demonstrated
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at SNS [28] and J-PARC [29]. In comparison to these facilities, the injection straight is

longer because of the higher injection energy, but more compact than a simple scaling would

indicate because the magnets that the injection line has to clear are smaller.

FIG. 15. Example injection chicane for the foil-injection of a 2 GeV H− beam over a 17 m

uninterrupted straight section. Beam travels from the left. The vertical scale is magnified by 10

with respect to the horizontal scale (lengths in m).

For this report, we have ensured our injection design is compatible with foil-stripping

injection, a technique well-demonstrated in accelerator operations. We anticipate however,

that the foil-stripping technique may ultimately be supplanted by the laser-stripping tech-

nology (currently demonstrated at the SNS over a 10 µs timescale with 95% efficiency [30]).

With a laser stripping upgrade of the SR scenario, the SR will no longer be limited by

injection and would then be capable of supporting a MW-class 2 GeV pulsed program (see

Section I B).

C. Example RCS Lattice

Many lattice solutions are compatible with the parameters outlined in Table IV and here

we give an example RCS lattice in lieu of a full optimization study. Fig. 16 shows the

optics functions and magnet layout for one of eight superperiodic cells of an example RCS

lattice. Table V gives parameters specific to this particular RCS lattice design. The lattice

design is a series of achromatic FODO arcs each bookended by focusing triplets that convey
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the beam through long dispersion-free inserts. The insertion-region is 10 meters in order

to accommodate a 2 GeV injection region. The insertion optics assume that the beam is

transferred from a storage ring or that laser stripping injection is used; the beta functions

and injection insertion length would be increased for a direct foil injection scenario.

In a FODO cell, the peak beta function is proportional to the cell length and conse-

quently the beta functions and beam sizes are minimized by the use of many alternating

focusing quads. The tight-focusing combined with the “missing dipole” feature minimizes

the momentum compaction factor to avoid transition crossing.

There is significant phase advance across the straight sections between bending arcs

to allow for high-efficiency self-contained collimation units. Further, both the extraction

kickers and the extraction septum can be placed between bending arcs to allow for clean

beam separation without enlarged dipole apertures.

The lattice leaves space for dipole, tune, and chromaticity correctors (not shown). With

the correctors, an operating point and dynamic aperture study would still be required to

refine the lattice design.

FIG. 16. Twiss parameters for one of eight superperiods of the RCS lattice. (top) Horizontal and

vertical beta functions are shown in black and red, respectively. (middle) Location and length of

magnetic lattice elements with dipoles are shown as short blue rectangles and quadrupoles shown

as tall orange rectangles. (bottom) Linear dispersion function.

At 2 GeV, a 95% normalized emittance of 24 π mm mrad and a maximum beta function
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TABLE V. RCS and Injection Storage Ring lattice parameters.

Lattice Parameter RCS SR Unit

Circumference 570 570 m

Superperiodicity 8 4

Maximum Beta functions (x,y) 19, 19 32, 32 m

Maximum Dispersion functions 0.7 3.3 m

Momentum compaction factor 3.0 8.2 10−3

Injection insertion length 12 17 m

Additional straights per superperiod 2 × 5.3 8 × 5.5 m

Number of dipoles per superperiod 8 12

Number of quadrupoles per superperiod 17 25

Dipole Field 1.0 0.31 T

Quadrupole Field 14 4.2 T/m

of 30 m, the 8σ beam size is 6.4 cm. Allowing for a further +/- 3 mm in orbit deviation, we

find a pipe diameter of 7.0 cm or 2.25” allows for a conservative margin for beam acceptance.

If the collimator acceptance is set to 3σ (with +/- 3 mm) the ratio between the collimator

acceptance and pipe acceptance is 1.78, which is more conservative than the ratio of 1.5

used in J-PARC’s precedent for the operation of MW-class beams [29]. The design allows

for high efficiency transmission with well-controlled losses at the required 35× 1012 protons,

but also the possibility of considerably exceeding that intensity over time with careful optics

tuning.

Table V shows the required dipole and quadrupole fields for 8 GeV operation. At 8 GeV

and 20 Hz, the maximum rate of change for the dipole magnetic field is 43 T/s, ∼ 25% more

rapid then the PIP-II Booster (35 T/s). The beampipe aperture and magnetic field strengths

are quite comparable to the Main Injector, and would be considerably more affordable than

magnets considered for large aperture facilities such as J-PARC, SNS, or the proposed ESS

accumulator ring.

As indicated in Table VI, the required accelerating voltage for the RCS is 1.2 MV with a

frequency range of 50.326-52.812 MHz. Existing 2.5 m (flange to flange) Booster RF cavities

to be used for PIP-II operations accelerate protons at 60 kV [31]. Perpendicular-biased
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TABLE VI. RCS RF Parameters for 8 GeV, 20 Hz operation.

Parameter Value Unit

RF Frequency Range 50.326-52.812 MHz

Max RF Frequency Slew Rate 248 MHz/s

Total RF Voltage 1.2 MV

Required num. RF cavities (at 60kV) 20

Max Acc. Rate 380 GeV/s

Average Beam Current 3.0 A

RF cavities have been proposed to provide the same acceleration in half the longitudinal

length [32]. For either RF cavity design, 20-22 such RF cavities are required. The 20 m

of dispersion-free straights in each superperiod can each accommodate up to eight parallel-

biased RF cavities or sixteen perpendicular-biased RF cavities. Consequently using 60 kV

parallel-biased RF cavities, only three superperiods are required, leaving enough space for

injection, extraction, and collimation in the other three superperiods. This is a conservative

estimate; with higher acceleration per unit length (such as a perpendicular bias cavity),

considerable longitudinal real estate would be available for further upgrades to the RCS

ramp rate. Conventional RF cavity R&D is recommended to optimize the performance of a

proposed RCS.

To minimize eddy-current heating effects, the beampipe inside of the RCS magnets should

be constructed from ceramic, with brazed metal vacuum flanges on either side. On the other

hand, the interior of the ceramic beampipe should use a thin metal layer to mitigate resistive

wall instabilities [12]. At 10 µm of Fe or Ni, the thin metal layer will be several skin-depths

at frequencies above ∼100 MHz, while other frequencies (including synchrotron sidebands)

can be mitigated by active dampers. The eddy current heating should be below 15 ◦C for

ramp rates up to 30 Hz.

D. Example 2 GeV Storage Ring Lattice

For optimal performance of the RCS, a separate 2 GeV storage ring (SR) is envisioned

which would receive beam from the linac, accumulate charge during the RCS cycle, and

initialize proper bunching prior to transfer for RCS injection. Fig. 17 shows the optics
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functions and magnet layout for one of four superperiodic cells of an example SR lattice.

Table V gives parameters specific to this particular SR lattice design. The injection straight

is 17 m, dispersion-free, and βx × βy = 440 m2 consistent with the injection chicane shown

in Fig. 15 and the foil-injection scenarios shown in Fig. 14.

FIG. 17. Twiss parameters for one of four superperiods of a 2 GeV Storage Ring lattice. (top)

Horizontal and vertical beta functions shown in black and red, respectively. (middle) Location and

length of magnetic lattice elements with dipoles shown as short blue rectangles and quadrupoles

shown as tall orange rectangles. (bottom) Linear dispersion function.

For the 2 GeV SR lattice, the maximum dipole field is 0.31 T and the maximum

quadrupole field is 4.2 T/m. These field requirements are comparable to the CBETA

permanent magnets [33]. SmCo permanent magnets are recommended for their radiation

resistance, which can withstand up to about 5×109 rad before 1% degradation [34]. Powered

DC-magnets would likely be needed for the injection straight, to improve matching and to

eliminate risk of demagnetization.

E. Greater Acceleration and Energy

The RCS described above extracts 8 GeV protons and operates at 20 Hz. However, the

same RCS lattice design can accommodate sufficient RF for 8 GeV at 30 Hz or 12 GeV at

20 Hz. Table VII compares the ramp parameters for these three scenarios. For the 12 GeV
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scenario the peak dipole field would be 1.4 T, which is still a reasonable maximum dipole

field in line with the maximum field of the Main Injector dipole.

To meet the requirements of the 2.4 MW DUNE/LBNF program at reduced ramp rate,

the 30 Hz scenario only needs 33.5 × 1012 protons, compared to 35 × 1012 protons at 20 Hz.

The primary beneficiary would be the 8 GeV experimental program from the RCS beamline.

For the 12 GeV scenario, the primary consideration should be the Main Injector program.

At 12 GeV Main Injector injection, neither the Main Injector space-charge tune-spread nor

the geometric emittance will exceed that of PIP-II era Main Injector operation. However, in

that case the MI-8 and RR injection cannot be re-used and instead the RCS would require a

new transfer line directly into the MI (on Fig. 3 middle, as opposed to left). Consequently, a

12 GeV RCS program cannot be easily retrofit onto an 8 GeV program using MI-10 injection

from the start.

For the 20 Hz 12 GeV scenario the beam power available at 12 GeV concurrent with

the 120 GeV LBNF program would be comparable to 8 GeV beam power available from

the 30 Hz 8 GeV scenario, although some experiments may specifically prefer the higher

extraction energy.

TABLE VII. RCS Ramp Parameters.

8 GeV, 20 Hz 8 GeV, 30 Hz 12 GeV. 20 Hz

Min. RCS Intensity for 2.4 MW 35 33.5 35 1012

Available RCS Power 0.75 1.2 1.1 MW

RF Frequency Range 50.326-52.812 50.326-52.812 50.326-52.965 MHz

Max RF Frequency Slew Rate 248 372 325 MHz/s

Total RF Voltage 1.2 1.9 2.1 MV

Required num. RF cavities (at 60kV) 20 32 35

Max Acc. Rate 381 572 633 GeV/s

Max Dipole Field 1.0 1.0 1.4 T

Max Dipole Slew Rate 43 65 49 T/s

Max Quad Field 14 14 20 T/m

Higher than 30 Hz ramp rate may also be possible for this RCS design. Firstly, it would

require RF cavities with a higher acceleration gradient per unit length then existing Booster
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RF cavities, such as the perpendicular-biased RF cavity design. Secondly, the ceramic

beampipe will need to be complex, with RF-shielding in longitudinal stripes similar to the

J-PARC design [35].

V. MAIN INJECTOR OPERATIONS

A. Beam Transfer and Injection

The circumference and RF extraction frequency of the RCS are expected to be a sub-

harmonic of the MI (h=588), such that the 8 GeV injection directly into the Main Injector

is in a synchronous bunch-to-bucket box car fashion. The location of the RCS will be such

that its extracted beam transport line will connect to the existing 8 GeV tunnel, which

approaches the MI tunnel at the MI-10 location. The MI-10 location currently houses direct

injection into the Main Injector from the Booster, direct injection into the Recycler from the

Booster and the horizontally bending switch magnet to send beam to the 8-GeV neutrino

experimental area. In the LBNF era, the Main Injector MI-10 injection straight section will

be decommissioned and converted into an extraction area for the new DUNE project.

Since the MI-10 straight section is not available for injection from the new RCS, the other

potential options include the MI-22 straight section (previously used for proton extraction

from Recycler) and the MI-30 straight section (currently used for Recycler to Main Injector

injection).

We assume that the Recycler ring as an accumulation ring will be abandoned. The

current 8 GeV line to Recycler trajectory can be maintained and the section of the Recycler

between MI-10 and either MI-22 or MI-30 can be maintained as a transfer line.

The standard technique for injection will consist of a Lambertson and kicker separated

by 90 degrees in betatron phase advance. The orientation of the bend field of the injection

kicker is dependent on the available locations for the kicker. The Lambertson bend region

will be in the opposite plane. For example at MI-10 the Recycler injection kicker is in

the horizontal direction and is located just upstream of the horizontal-focusing quad Q104,

with the Lambertson located just upstream of Q102 having a vertical bend field. On the

other hand, injection into the MI utilized a horizontal bend field in the Lambertson and a

vertical kicker. The current injection from the Recycler to the Main Injector uses a vertical
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Lambertson at Q306 and a horizontal kicker at Q308. The existing transfer line between

the Recycler and the Main Injector currently in use is shown in Figure 18.

FIG. 18. Schematic view of the current Recycler to MI transfer line in MI-30 straight

Very few modifications to this transport line will be required. Since the Recycler is no

longer a ring, the kicker and Lambertson in the Recycler ring are no longer needed.

If we select MI-22 as the injection point from the RCS transport line, it will require the

use of a vertical kicker located just upstream of Q223. The utilization of a Lambertson just

upstream of Q221 may be problematic due to the orientation of the Main Injector ring to

the outside radius of the tunnel wall. In this case a vertical C-magnet (or DC magnetic

septum) will be considered.

B. RF Considerations

The current MI RF system with two power amplifiers per station has enough power to

accelerate up to 120×1012 protons at 240 GeV/sec. A new MI RF system will be needed to

accelerate the higher beam intensities required for 2.4 MW. The high level specifications of

the new MI RF system are outlined in Table VIII. The frequency range has increased to 490

KHz to accommodate injection at 6 GeV. The maximum acceleration rate is 240 GeV/sec

and, given the revolution period of Main Injector, requires 2.7 MV for acceleration. The

maximum required voltage is determined by the bucket area, allowing enough overhead

to operate with up to two RF cavities down. The peak RF power is 7.1 MW and the
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average is 3.6 MW, since the RF is off for half the Main Injector Cycle. The average beam

current is 2.7 A while the fundamental RF current can be as high as 5.2 A after transition.

The new 53 MHz cavities will be powered by the Eimac 8973 power tetrode with a power

capability greater than 1 MW, operating frequency up to 110 MHz and a plate dissipation

of 1,000 kW. Figure 19 shows the new MI cavity conceptual design including HOM dampers

with high-pass filters and the input coupler.

TABLE VIII. RF System Specifications

Parameter Value Unit

Frequency 52.617-53.104 MHz

Max. Acc. Rate 240 GeV/s

Frequency Slew Rate 1.6 MHz/sec

Acceleration Voltage 2.7 MV

Peak Beam Power 7.1 MW

Average Beam Power 3.6 MW

Peak Voltage 4.8 MV

Average Beam Current 2.7 A

Fundamental RF Current 4.6-5.2 A

FIG. 19. New MI Cavity conceptual design.
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C. Space Charge Effects and Beam Instabilities

Space charge effects can lead to transverse emittance growth resulting in losses. The

effect of the bunching factor on beam transmission efficiency has been measured in MI. The

transmission efficiency as a function of tune for two different bunch intensities with the

same transverse emittance, though with different bunch lengths, is shown in Figure 20. The

code Synergia3 was used to simulate 2D scans in betatron tunes (0.39-0.49) and evaluate

emittance growth in the MI for different beam intensities. The 4D emittance (product of

the horizontal and vertical emittances) growth for two different bunch intensities is shown

in Figure 21. The effect of bunch length on losses for 4×1011 protons per bunch is shown in

Figure 22. Furthermore, simulations have been performed using Synergia3 to compare the

effect of increasing intensities in the Main Injector for different injection energies ranging

from 8 GeV to 10 GeV. A plot of the losses during the tune scans for two different MI

injection energies is shown in Figure 22.

Instabilities can lead to losses and, if severe enough, may require the beam to be sent to the

abort before it can be extracted. Coupled bunch instabilities are expected to be controlled

by the transverse and longitudinal damper already installed. Single bunch instabilities are

to be investigated further using the collective effects code Synergia3.

FIG. 20. Transmission efficiency for 2 bunches with different intensities and bunch lengths. Red

trace: 182 × 109, σb=4 nsec. Green trace: 55 × 109, σb=1.2 nsec
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FIG. 21. Emittance growth (4D) in MI for 2 × 1011 protons per bunch (top) and 4 × 1011 protons

per bunch (bottom).

D. Transition Crossing

Transition crossing in the MI can result in longitudinal emittance blow-up, and instabili-

ties that can create unacceptable losses. For PIP II a first order γt jump has been developed

and will be installed, eliminating transition losses and keeping longitudinal emittance under

control. The γt jump scheme maintains a minimum distance from the transition energy and

crosses transition almost 10 times faster. The jump consists of 4 sets of pulsed triplets.

Each triplet has two quads in the arc and one of twice the integrated strength in the dis-

persion free straight section. The transition crossing in the MI under PIP II conditions

was simulated using Synergia taking into effect not only the longitudinal dynamics but also

the transverse effects from the lattice optics changes. Figure 23 shows the effect on γt and
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FIG. 22. Loss plots for 4× 1011 protons per bunch in the MI. (top) Bunch length of σ=0.5 m at 8

GeV. (center) Bunch length of σ=0.8 m at 8 GeV. (bottom) Bunch length of σ=0.5 m at 10 GeV.

The white area in tune space indicates a no-loss region.
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on the tunes during the jump. The effect of the γt jump on the longitudinal phase space

after transition is shown in Figure 24. The simulations did not include longitudinal space

charge and Z/n since space charge effects were not expected to have a large effect due to the

large longitudinal emittance. In the case of our upgrade scenario where no slip stacking is

used, the longitudinal emittance is expected to be much smaller and the space charge effects

during transition crossing need to studied.

FIG. 23. The effect on the tunes and on the γt of the lattice during the jump scheme.

FIG. 24. The longitudinal phase space distribution after transition of PIP-II beam without (left)

and with the γt jump (right).
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E. Cycle Time Improvements

Since it is difficult to further increase the beam power by increasing the beam intensity

we need to look at ways to reduce the MI cycle time. In the absence of the Recycler for our

scenario, the MI will require 5 injections from the RCS to fill, and assuming a 20 Hz RCS

rep rate, then the total cycle time required for the MI to fill and accelerate to 120 GeV is

1.4 sec. Increasing the acceleration rate in the MI by a factor of 2.5 from 240 GeV/sec to

600 GeV/sec will reduce the MI cycle time from 1.4 sec to 0.9 sec. This will increase the

beam power at 120 GeV from 2.5 MW to 4.2 MW. The comparison between the two MI

ramps is shown in Figure 25. The MI power vs momentum for the different stages is shown

in Figure 26. Increasing the acceleration rate will require more power supply voltage and

more RF voltage and power.

In order to increase the Power Supply voltage, we will need to add 2 dipole power supplies

and 1 Quad power supply in every MI service Building. The service buildings will have to

be enlarged to accommodate the extra power supplies. Power supply transformers, pads and

additional feeders need to be added outside each building. Two additional transformers and

harmonic filters will also be needed in the power substation. The substation building will

have to be expanded to accommodate additional breakers and equipment.

The new MI RF stations will have the power required to accelerate 1.85×1014 protons at

600 GeV/sec but additional RF voltage will be required. The minimum acceleration voltage

for 600 GeV/sec is 6.75 MV and, assuming a maximum bucket area of 0.65 eV-sec after

transition, a total of 7.5 MV of RF voltage will be required. Assuming 240 kV per cavity

to achieve the required voltage will require at least 31 RF stations. Since the new cavity

design is shorter than the current MI cavity we should be able to fit up to 33 RF cavities in

the MI-60 straight section used for the RF.
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FIG. 25. Comparison between the regular MI Ramp and the Ramp with 600 GeV/sec.

FIG. 26. MI Power vs Momentum for the different Upgrade Stages.

VI. ACCELERATOR SUMMARY

The Fermilab accelerator complex has driven decades of discoveries in accelerator-based

science and comprises one of the world’s most productive scientific facilities. The perfor-

mance that has been achieved in each accelerator is far beyond the original design specifica-

tions, and with FNAL’s transition to the intensity frontier over the last decade, the complex

necessarily operates in regimes that were not previously envisioned. As Fermilab moves

steadily into the PIP-II and LBNF/DUNE era, key elements of the complex are reaching
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their fundamental limitations and must be upgraded or replaced. Clearly, for any given

upgrade scenario, a full campaign of planning exercises, simulations and analyses will be

necessary.

As the fundamental bottleneck toward higher power, replacement of the Booster syn-

chrotron is common to all upgrade scenarios. A core element of the upgrade path presented

here is a rapid cycling synchrotron that has been optimized not only for the high intensities

required by LBNF/DUNE but also for compatibility with future upgrades based on evolving

R&D in Accelerator Science and Technology.

Targeted upgrades to the PIP-II linac and its supporting infrastructure are also a key

component of this upgrade path. Increasing the linac energy to 2 GeV would significantly

reduce space-charge effects at RCS injection. The PIP-II linac tunnel can be extended

by approximately 400 ft, providing adequate room for the delivery of the energy upgrade

without requiring a new environmental assessment; furthermore, the energy upgrade can be

progressive, and a pulsed-only mode of operation can be considered to significantly reduce

the associated costs.

Increasing the linac current would help alleviate challenges associated with foil injection

into the RCS. A moderate upgrade to 4-5 mA is feasible without significant design changes

and only requires a commensurate increase in the output power of the RF amplifiers; how-

ever, moving beyond 5 mA would require the extensive, systemic evaluations and upgrades

that are detailed in section III.B.5. Alternatively, a companion fixed-energy (2 GeV) storage

ring is also considered as a future upgrade. This storage ring would improve injection into

the RCS while also supporting a growing portfolio of low-energy science opportunities.

In this upgrade scenario, with the higher intensity and repetition rate of the RCS ob-

viating the need for slip stacking, the Recycler Ring would likely be retired. If the peak

energy of the RCS remains at 8 GeV, then existing sections of the RR can be maintained

as a transfer line to the Main Injector. Future upgrades to the MI power systems would

reduce the MI cycle time and enable significantly higher power delivery to LBNF/DUNE

without an increase in peak intensity. This will require conventional RF-cavity R&D, as well

as significant conventional facilities and infrastructure upgrades, but provides a relatively

straightforward path to accelerator-complex performance beyond 2.5 MW.

Throughout this planning exercise we have sought only to define the broad technological

and strategic contours for various upgrade paths. Generally, all considerations have been
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subordinate to the rapid, effective delivery of the requisite performance for the high-energy

neutrino program; however, a significant alteration of the accelerator complex presents a

unique opportunity in which, with careful forethought, the Lab can be positioned to cap-

ture a broad portfolio of science opportunities that complement the DUNE program, both

scientifically and operationally. In this upgrade, Fermilab can also lay the foundation for

accelerator performance beyond the LBNF/DUNE era, and where possible, compatibility

with the operationalized products of R&D in Accelerator Science and Technology should be

emphasized.
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