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Abstract:

A staged approach towards muon based facilities for Intensity and Energy Frontier science, building
upon existing and proposed facilities at Fermilab, is presented. At each stage, a facility exploring new
physics also provides an R&D platform to validate the technology needed for subsequent stages. The
envisioned program begins with nuSTORM, a sensitive sterile neutrino search which also provides
precision neutrino cross-section measurements while developing the technology of using and
cooling muons. A staged Neutrino Factory based upon Project X, sending beams towards the Sanford
Underground Research Facility (SURF), which will house the LBNE detector, could follow for
detailed exploration of neutrino properties at the Intensity Frontier, while also establishing the
technology of using intense bunched muon beams. The complex could then evolve towards Muon
Colliders, starting at 126 GeV with measurements of the Higgs resonance to sub-MeV precision, and
continuing to multi-TeV colliders for the exploration of physics beyond the Standard Model at the
Energy Frontier. An Appendix addresses specific questions raised by the Lepton Colliders subgroup of
the CSS2013 Frontier Capabilities Study Group.
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Executive Summary

Muon accelerators offer unique potential for the U.S. High Energy Physics community. In 2008, and
subsequently in 2010, the U.S. Particle Physics Project Prioritization Panel (P5)" recommended that a
world-class program of Intensity Frontier science be pursued at Fermilab as the Energy Frontier
program based on the Tevatron reached its conclusion. Accordingly, Fermilab has embarked on the
development of a next generation neutrino detector with LBNE and a next generation proton source
with Project X. However, we must also consider what steps beyond those facilities would enable the
continuation of a preeminent U.S. HEP research program. Building on the foundation of Project X,
muon accelerators can provide that next step with a high intensity and precise source of neutrinos to
support a world-leading research program in neutrino physics.

Moreover, the infrastructure developed to support such an Intensity Frontier research program can
enable the return of the U.S. high energy physics program to the Energy Frontier: a subsequent stage
of the facility could support one or more Muon Colliders, which could operate at center-of-mass
energies from the Higgs resonance at 126 GeV up to the multi-TeV scale. Thus muon accelerators
offer the unique potential, among the accelerator concepts being discussed for the Community
Summer Study process, to provide world-leading experimental support spanning physics at both the
Intensity and Energy Frontiers.

Before addressing the technical challenges of such facilities we summarize the cutting-edge physics
they can do. For the proposed staging plan, baseline parameter specifications have been developed for
a series of facilities, each capable of providing cutting-edge physics output, and at each of which the
performance of systems required for the next stage can be reliably evaluated. The plan thus provides
clear decision points before embarking upon each subsequent stage. The staging plan builds on the
foundation of existing and proposed facilities, specifically:

*  Project X at Fermilab as the megawatt-class proton driver for muon generation’;

e Sanford Underground Research Facility (SURF), as developed for the LBNE detector.
Neutrino Factory beams could initially be directed to an existing LBNE and ultimately to an
upgraded detector that is optimized to take full advantage of those beams.

The performance characteristics of each stage provide unique physics reach:

* nuSTORM* (Neutrinos from STORed Muons): a short baseline Neutrino Factory (NF)
enabling a definitive search for sterile neutrinos, as well as neutrino cross-section
measurements that will ultimately be required for precision measurements at any long baseline
experiment.

*  NuMAX (Neutrinos from Muon Accelerators at Project X): an initial long baseline Neutrino
Factory, optimized for a detector at SURF—a precise and well-characterized neutrino source
that exceeds the capabilities of conventional superbeam technology.

*  NuMAX+: a full intensity Neutrino Factory, upgraded from NuMAX, as the ultimate source
to enable precision CP violation measurements in the neutrino sector.

* Higgs Factory: a collider whose baseline configurations are capable of providing between
3,500 and 13,500 Higgs events per year with exquisite energy resolution.

*  Multi-TeV Collider: if warranted by LHC results, a multi-TeV Muon Collider (MC) likely
offers the best performance and least cost for any lepton collider operating in the multi-TeV
regime.
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Nominal parameters for the three Neutrino Factories—the (short baseline) nuSTORM and two stages
of (long baseline) NuMAX—are provided in Table 1. Collider parameters for a Higgs Factory as well
as 1.5 and 3.0 TeV colliders are provided in Table 2. All of these machines would fit readily within
the footprint of the Fermilab site. The ability to deploy these facilities in a staged fashion offers major

benefits:

1. The strong synergies among the critical elements of the accelerator complex maximize the size

of the experimental community that can be supported by the overall facility;

2. The staging plan reduces the investment required at each step to levels that will hopefully fit
within the future budget profile of the U.S. high energy physics program.

Table 1: Muon Accelerator Program baseline Neutrino Factory parameters for nuSTORM and two NuMAX
phases located on the Fermilab site and pointed towards a detector at SURF. For comparison, the parameters of

the IDS-NF are also shown.

System Parameters Unit nuSTORM NuMAX NuMAX+ IDS-NF
Stored p+ or p-/year 8x10" 2x10% 1.2x10% 1x10%
Vv, or v, to detectors/yr 3x10" 8x10"° 5x10% 5x10%°
Far Detector: Type SuperBIND ,\72 g“I?A/r l\/'\l/zlal g’;\lEAlr MIND
o Distance from Ring km 1.9 1300 1300 2000
] Mass KT 1.3 30/10 100/ 30 100
8 Magnetic Field T 2 0.5-2 0.5-2 1-2
a Near Detector: Type SuperBIND Suite Suite Suite
Distance from Ring m 50 100 100 100
Mass KT 0.1 1 2.7 2.7
Magnetic Field T Yes Yes Yes Yes
o Ring Momentum (P,)] GeV/c 3.8 5 5 10
'E 2 Circumference (C) m 480 600 600 1190
3 Straight section m 185 235 235 470
Zz Arc Length m 50 65 65 125
- Initial Momentum| GeV/c - 0.22 0.22 0.22
° . . GeV/pass - 0.95 0.95 0.56
= Single-pass Linac MHZ - 305 305 201
o RLA ||.GeV/pass - 0.85 0.85 0.45
8 MHz - 325 325 201
o 4.5-pass RLA
< RLA 11 -G€&V/pass - - - 1.6
MHz - - - 201
Cooling No No 4D 4D
c o Proton Beam Power| MW 0.2 1 3 4
og Proton Beam Energy| GeV 120 3 3 10
3 3 Protonslyear| {x10* 0.1 41 125 25
Sl Repetition Frequency| Hz 0.75 70 70 50
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nuSTORM’s capabilities could be deployed now. The NuMAX options and initial Higgs Factory
could be based on the 3 GeV proton source of Project X Stage II operating with 1 MW and,
eventually, 3 MW proton beams. This opens the possibility of launching the initial NuMAX, which
requires no cooling of the muon beams, within the next decade. Similarly, the R&D required for a
decision on a collider could be completed by the middle of the next decade. A Muon Collider in the
multi-TeV range would offer exceptional performance due to the absence of synchrotron radiation
effects, no beamstrahlung issues at the interaction point, and anticipated wall power requirements at
the 200 MW scale, well below the widely accepted 300 MW maximum affordable power for a future
HEP facility. This timeline, showing the targeted dates where critical decisions should be possible, is
summarized in Figure 1.

Table 2: Muon Accelerator Program baseline Muon Collider parameters for both Higgs Factory and multi-TeV
Energy Frontier colliders. An important feature of the staging plan is that collider activity could begin with
Project X Stage II beam capabilities at Fermilab.

Muon Collider Baseline Parameters

Higgs Factory Multi-TeV Baselines

Startup | Production

Parameter Units Operation | Operation
CoM Energy TeV 0.126 0.126 1.5 3.0
Avg. Luminosity 10**cm™s™ 0.0017 0.008 1.25 4.4
Beam Energy Spread % 0.003 0.004 0.1 0.1
Higgs/10'sec 3,500 13,500 37,500( 200,000
Circumference km 0.3 0.3 2.5 4.5
No. of IPs 1 1 2 2
Repetition Rate Hz 30 15 15 12
B* cm 33 1.7|1(0.5-2) |0.5(0.3-3)
No. muons/bunch 10* 2 4 2 2
No. bunches/beam 1 1 1 1
Norm. Trans. Emittance, €y | @ mm-rad 0.4 0.2 0.025 0.025
Norm. Long. Emittance, ¢y | ® mm-rad 1 1.5 70 70
Bunch Length, o, cm 5.6 6.3 1 0.5
Beam Size @ IP um 150 75 6 3
Beam-beam Parameter / IP 0.005 0.02 0.09 0.09
Proton Driver Power MW 4* 4 4 4

# Could begin operation with Project X Stage 2 beam
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The U.S. Muon Accelerator Program (MAP) has the task of assessing the feasibility of muon
accelerators for Neutrino Factory and Muon Collider applications. Critical path R&D items important
to the performance of one or more of these facilities include:

* Development of a high power target station which is ultimately capable of handling >4 MW of
power. Liquid-metal jet technology has been shown to be capable of handling the necessary
beam power’. While the complete engineering design of a multi-MW target station, including
a high field capture solenoid (nominally 20 T hybrid normal and superconducting magnet with
~3 GJ stored energy) is challenging, target stations with similar specifications are required for
other planned facilities (e.g., spallation sources), and our expectation is that the engineering
challenges can be successfully addressed over the course of the next decade. In the meantime,
a muon accelerator complex can begin producing world-class physics with the proton beam
powers that will become available with Project X Stage II.

*  Muon cooling is required in order to achieve the beam parameters for a high performance NF
and for all MC designs under consideration. An ionization cooling channel requires the
operation of RF cavities in tesla-scale magnetic fields. Promising recent results from the
MuCool Test Area (MTA) at Fermilab point towards solutions to the breakdown problems of
RF cavities operating in this environment®. These advances, along with technology concepts
developed over the past decade, are expected to allow MAP to establish a baseline 6D cooling
design on the 2-year timescale’. In addition, the Muon Ionization Cooling Experiment is
expected to begin producing relevant results in the same time frame®.

* High intensity, low energy beams (~200 MeV/c, optimal for muon ionization cooling) are
susceptible to a range of potential collective effects. Evaluating the likely impact of these
effects on the muon beams required for NF and MC applications, through simulation and
experiment, is an important deliverable of the MAP feasibility assessment.

* For the MC, muon decays in the ring impact both the magnet and shielding design for the
collider itself as well as backgrounds in the detector. Detector backgrounds have been shown
to be manageable via pixelated detectors with good time resolution’. Thus, this issue appears
to present no impediment to moving forward with full detector studies and machine—detector
interface design efforts.

A thorough evaluation of these issues is crucial for an informed community decision on muon
accelerator facilities. Furthermore, the proposed staging plan enables the performance, at each stage,
of confirming R&D for the next stage in the plan, thus enabling a well-informed decision process
moving forward.

To summarize, muon accelerators can enable a broad and world-leading high energy physics program
which can be based on the infrastructure of the single remaining U.S high energy physics laboratory,
Fermilab. While any decision to move forward with muon accelerator based technologies rests on the
evolving physics requirements of the field, as well as the successful conclusion of the MAP feasibility
assessment later this decade, the ability of muon accelerators to address crucial questions on both the
Intensity and Energy Frontiers, as well as to provide a broad foundation for a vibrant U.S. HEP
program, argues for a robust development program to continue. This will enable a set of informed
decisions by the U.S. community starting near the end of this decade.
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Figure 1: Muon accelerator timeline including the MAP Feasibility Assessment period. It is anticipated that
decision points for moving forward with a Neutrino Factory project supporting Intensity Frontier physics efforts
could be reached by the end of this decade, and a decision point for moving forward with a Muon Collider
physics effort supporting a return to the Energy Frontier with a U.S. facility could be reached by the middle of
the next decade. These efforts are able to build on Project X Phase II capabilities as soon as they are available.
It should also be noted that the development of a short baseline neutrino facility, i.e., nuSTORM, would
significantly enhance MAP research capabilities by supporting a program of advanced systems R&D.

' «U.S. Particle Physics: Scientific Opportunities, A Plan for the Next Ten Years,” Report of the Particle Physics
Project Prioritization Panel, May 29, 2008,
http://science.energy.gov/~/media/hep/pdf/files/pdfs/pS_report 06022008.pdf.

* “Recommendations on the Extended Tevatron Run,” Report of the Particle Physics Project Prioritization Panel,

October 26, 2010, http://science.energy.gov/~/media/hep/pdf/files/pdfs/p5Sreport2010final.pdf.

“Project X Reference Design Report,” The Project X Collaboration, v1.01, June 4, 2013,

http://arxiv.org/abs/1306.5022

* nuSTORM: Neutrinos from STORed Muons, P. Kyberd et al., http://arxiv.org/abs/1206.0294.

> K. McDonald et al., WEPE078, Proc. IPAC 2010, Kyoto, Japan, p. 3527.

® K. Yonehara et al., TUPFI053 (and references therein), Proc. IPAC 2013, Shanghai, China, p. 1463.

D. Bowring et al., THPPCO033, Proc. IPAC 2012, New Orleans, LA, USA, p. 3356.
Z. Li et al., THPPCO040, Proc. IPAC 2012, New Orleans, LA, USA, p. 3371.

" ML.A. Palmer, “An Overview of the US Muon Accelerator Program,” MOAM2HAO02, to appear in the
Proceedings of COOL’13, Miirren, Switzerland, June 2013.

R.B. Palmer et al., “6D Cooling in Periodic Lattices Including a Planar Snake,” MOAM2HAO03, to appear in
the Proceedings of COOL’13, Miirren, Switzerland, June 2013.

R.P. Johnson et al., “Muon Beam Helical Cooling Channel Design,” MOAM2HAO04, to appear in the
Proceedings of COOL’13, Miirren, Switzerland, June 2013.
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¥ D.M. Kaplan, “Muon Cooling, Muon Colliders, and the MICE Experiment,” MOAM2HAO1, to appear in the
Proceedings of COOL’13, Miirren, Switzerland, June 2013.

? A. Mazzacane, Muon Collider Detector Studies, presented at the HFMC Workshop, UCLA, March 21-23,
2013, https://hepconf.physics.ucla.edu/higgs2013/talks/mazzacane.pdf.
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1. Landscape of High Energy Physics:

Muon accelerators offer unique potential for the U.S. High Energy Physics community to support
a broad and world-leading high energy physics program by enabling a series of staged facilities at
both the Intensity and Energy Frontiers.

1.1 Intensity Frontier

Neutrino oscillations are irrefutable evidence for physics beyond the Standard Model (SM) of
particle physics. The observed properties of the neutrino—the large flavor mixing and the tiny
mass—could be consequences of phenomena which occur at energies never seen since the Big
Bang. They also could be triggered at energy scales as low as a few keV. Determining the
energy scale of the physics responsible for neutrino mass is one of the primary tasks at the
Intensity Frontier, which will ultimately require high precision measurements. High precision is
necessary since the telltale effects from either a low or high energy scale responsible for neutrino
masses and mixing will be very small, either because couplings are very small, as in low-energy
models, or the energy scales are very high and thus their effects are strongly suppressed.
Neutrino facilities to pursue the study of oscillation phenomena are therefore essential and
complementary to high-energy colliders. They are competitive candidates for the next world-
class facilities for particle physics.

Within the last 18 months, 0,3 has been measured conclusively by reactor antineutrino
experiments such as Daya Bay and the angle found to be large, very close to previously
established limits. Despite this very large value of 0,3, existing beam experiments such as T2K
and NOvA will have limited sensitivity to matter—antimatter symmetry (CP) violation and the
ordering of neutrino masses (the “mass hierarchy”). With 05 so large, many alternative mass
hierarchy measurement methods have become, at least in principle, feasible. These include the
use of

* Atmospheric neutrinos in low-energy upgrades of IceCube;

* Atmospheric neutrinos in ICAL, a 50 kt MINOS-like detector in India;

* Reactor antineutrinos at a distance of about 60 km, the so-called Daya Bay II proposal.
In addition, prospects for uncovering the mass hierarchy by a combination of data from existing
experiments, including NOvVA in particular, have dramatically increased with the measured value
of 015. As a result, consensus that the mass hierarchy will be determined within the next decade
without new beam-based experiments is emerging. At that point, the remaining questions in
neutrino oscillation physics will be those of matter-antimatter asymmetries, and whether our
current framework of three active neutrinos is complete.

The question whether there are only three neutrinos is underscored by an accumulation of
anomalies in short-baseline oscillation experiments: the LSND results, the MiniBooNE event
excess, the Reactor Antineutrino Anomaly and the Gallium Anomaly. Each of these seems to
point to oscillations with a mass-squared difference of the order of 1 eV2. At the same time, this
interpretation is in significant tension with the absence of disappearance effects at the appropriate
L/E scale. Such a large mass-squared difference implies the existence of a fourth neutrino,
which, due to the LEP results on the invisible Z-decay width, must not couple to the Z boson and
hence is not subject to any Standard Model gauge interaction—thus, it is aptly named sterile. A
sterile neutrino is the most radical form of physics beyond the Standard Model since it is not part

9 0f 56



U.S. Muon Accelerator Program

of the framework of gauge symmetries; without gauge symmetries we have no model building
tools to constrain the properties of a particle. At the same time it is naive to assume that a sterile
neutrino has no other properties beyond its mixing with Standard Model neutrinos. It therefore
will be a gateway to a hitherto completely unknown sector of physics.

Both these questions, leptonic CP violation and the completeness of the three-flavor picture, can
only by addressed by very high precision measurements of neutrino and antineutrino oscillation
probabilities, specifically including channels where the initial and final flavor of neutrino are
different. Several neutrino sources have been conceived to reach high sensitivity and to allow the
range of measurements necessary to remove all ambiguities in the determination of oscillation
parameters. The sensitivity of these facilities is well beyond that of the presently approved
neutrino oscillation program. Studies so far have shown that, even for the measured large value
of 0,3, the Neutrino Factory, an intense high-energy neutrino source based on a stored muon
beam, gives the best performance for CP measurements over the entire parameter space. Its time-
scale and cost, however, remain important questions. Second-generation superbeam experiments
using megawatt proton drivers may be an attractive option in certain scenarios, but eventually the
issue of systematics control may limit this technology. It should be noted that once detailed plans
are considered, the fiscal and time scales of true superbeams are very large as well.

1.2 Energy Frontier

The Standard Model has been a spectacular success. For more than thirty years all new
observations have fit naturally into this framework. The recent discovery of a 126 GeV Higgs-
like boson at the LHC also appears to be consistent with SM expectations. Furthermore, no
evidence of physics beyond the SM (strong dynamics, supersymmetry or extra dimensions) has
yet been observed at the ATLAS or CMS experiments. Still, basic questions remain:

* Does this newly discovered boson provide the complete mechanism of electroweak

symmetry breaking?
* How do the fermion masses and flavor mixings arise?

Furthermore, the Standard Model is incomplete. It does not explain dark matter; neutrino
masses and mixings require new particles or interactions; and the observed baryon asymmetry in
the universe requires additional sources of CP violation. From a theoretical viewpoint there are
also problems with the SM. It has been argued by G. ’t Hooft' that the SM is not natural at any
energy scale p much above the Terascale (1 TeV) because the small dimensionless parameter
= (my/p)’ is not associated with any symmetry in the limit x = 0. This is the naturalness problem
of the SM. If the SM is valid all the way up to the Planck scale Ap ~ 10"’ GeV, then the SM has
to be fine-tuned to a precision of one part in (mu/Ap) 2! In this decade, the physics of the
Terascale will be explored at the LHC. Planned experiments studying neutrino oscillations,
quark/lepton flavor physics, and rare processes may also provide insight into new physics at the
Terascale and beyond.

Discoveries made at the LHC will elucidate the origin of electroweak symmetry breaking. Is
that mechanism the SM Higgs scalars or does it involve new physics? New physics might
include new gauge bosons, additional fermion generations or fundamental scalars. It might be
SUSY or new dynamics or even extra dimensions.

" G. ’t Hooft, C. Itzykson, A. Jaffe, H. Lehmann, P. K. Mitter, LM. Singer, and R. Stora (eds.), Recent
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Significant theoretical questions will likely remain even after the full exploitation of the
LHC—most notably, the origin of fermion (quark and lepton) masses, mixings and CP violation;
the character of dark matter; and detailed questions about spectrum, dynamics, and symmetries
of any observed new physics. Thus, it is hard to imagine a scenario in which a multi-TeV lepton
collider would not be required in order to fully explore the new physics.

To prepare for the energy frontier in the post-LHC era, research and development are being
pursued on a variety of lepton colliders. For the Muon Collider as well as other options a staged
approach is envisioned. The first stage is a low energy Higgs Factory at 250-350 GeV for an
electron-positron collider [circular (TLEP) or linear (ILC)] or at the s-channel Higgs resonance
(~126 GeV) for the Muon Collider. The facility would be planned to be upgradable to a second
design capable of higher energies (E.,, < 1 TeV for ILC or 3 TeV for CLIC) or a multi-TeV
Muon Collider. Given the lack of evidence of new physics to date at the LHC, it is prudent to
consider the potential energy reach of the various options as an important factor in this choice of
future lepton collider. It is possible that scales approaching 10 TeV will be required to fully
explore any new physics. In this case, only a Muon Collider could be considered.

A multi-TeV Muon Collider thus provides a very attractive possibility for studying the details of
Terascale physics after the LHC. Physics and detector studies are under way to understand the
required Muon Collider parameters (in particular luminosity and energy) and to map out, as a
function of these parameters, the associated physics potential. The physics studies will set
benchmarks for various new physics scenarios (e.g., SUSY, Extra Dimensions, New Strong
Dynamics) as well as Standard Model processes.

1.3 The Beauty and Challenges of Muon-based Facilities

Muon-based facilities offer the unique potential, among the accelerator concepts being discussed
in the Community Summer Study process, to provide the next generation of capabilities and
world-leading experimental support spanning physics at both the Intensity and Energy Frontiers.
Building on the foundation of Project X at FNAL, muon accelerators can provide that next step
with a high-intensity and precise source of neutrinos to support a world-leading research program
in neutrino physics. Furthermore, the infrastructure developed to support such an Intensity
Frontier research program can also enable the return of the U.S. high energy physics program to
the Energy Frontier. This capability would be provided in a subsequent stage of the facility that
would support one or more Muon Colliders, which could operate at center-of-mass energies from
the Higgs resonance at 126 GeV up to the multi-TeV scale, if and when required for studies
beyond the Standard Model.

Pending the needed technology feasibility demonstrations, Muon Colliders would constitute the
ideal facilities to explore the multi-TeV colliding beam energy range since
*  They profit from multi-turn collisions and multiple interaction points as circular colliders
but without energy limitation by emission of synchrotron radiation;
* They do not suffer from beamstrahlung as do linear colliders.
Consequently, they present great potential for
e Large luminosity integrated over several detectors for support of a broad physics
community;
* An attractive energy spectrum with small momentum spread at the collision point due to
the absence of beamstrahlung;
* Limited power consumption due to multi-turn collisions;
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* Affordable cost due to the limited physical size of the facilities.
An ensemble of facilities possibly built in stages is made possible by the strong synergies
between Neutrino Factories and Muon Colliders, both of which require a high power proton
source and target for muon generation followed by similar front-end and ionization cooling
channels. It is especially attractive at FNAL taking advantage of the proton driver potential of
Project X and the ability to deploy an optimized detector at SURF.

As developed in the following sections, these muon facilities rely on a number of systems with
conventional technologies whose required operating parameters exceed the present state of the art
as well as novel technologies unique to muon colliders. An R&D program to evaluate the
feasibility of these technologies is being actively pursued within the framework of the U.S. Muon
Accelerator Program (MAP). The critical challenges include:
* A high-power proton linac and target station (up to 4 MW) although full power capability
is not required for initial Neutrino or Higgs Factory operation;
* A 15-20T capture solenoid;
* RF accelerating gradient in low frequency (325-975 MHz) structures immersed in high
magnetic field as required for the front end and ionization cooling sections;
* Jonization cooling by 6 orders of magnitude (2 in each transverse plane and 2 in
longitudinal plane);
* Very high field (> 30 T) solenoids utilizing high temperature superconducting (HTS)
coils (only required for the multi-TeV collider final cooling section);
* Recirculating linacs (RLA) and rapid cycling synchrotron (RCS) or fixed-field
alternating-gradient (FFAG) rings for fast beam acceleration;
* A collider ring design and machine—detector interface (MDI) including absorbers for the
decay products of the muon beams;
e Detector operation in a unique background environment caused by the muon decays
around the ring.

2 A Staged Muon-Based Facility Program

2.1 Rationale for a Staged Approach

The feasibility of the technologies required for Neutrino Factories and/or Muon Colliders must be
validated before a facility based upon these could be proposed. Such validation is usually made
in dedicated test facilities, which are specially designed to address the major issues. Although
very convenient, these test facilities are rather expensive to build and to operate over several
years. They are therefore difficult to justify and fund, given especially that they are usually
useful only for technology development rather than for physics.

An alternative approach is proposed here. It consists of a series of facilities built in stages, where
each stage offers
* Unique physics capabilities such that the corresponding facility obtains support and can
be funded.
* In parallel with the physics program, integration of an R&D platform using each stage as
a source of particles to develop, test with beam and validate a new technology that will be
necessary for the following stages.
* The system based on the novel technology, once proved to work, and even if not
necessary for the present stage, could be used to improve its performance.
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* Operation of the novel technology in a realistic environment—extremely useful not only
to validate the novel technology itself, but also to acquire operational experience before
using it in the following stage.

* Construction of each stage as an add-on to the previous stages, extensively reusing the
equipment and systems already installed, such that the additional budget of each stage
remains affordable.

The staging plan we discuss builds on, and takes advantage of, existing or proposed facilities at
FNAL, thus maximizing the synergies between the existing FNAL program and the foreseen
MAP program, specifically:
* Existing tunnels and other conventional facilities;
* Project X at Fermilab as the MW-class proton driver for muon generation;
* SURF as developed for the LBNE detector, which could then house the detector for a
long-baseline Neutrino Factory (which could initially be the LBNE detector itself).

The plan consists of a series of facilities with increasing complexity, each with performance
characteristics providing unique physics reach:

* nuSTORM: a short-baseline Neutrino Factory-like ring enabling a definitive search for
sterile neutrinos, as well as neutrino cross-section measurements that will ultimately be
required for precision measurements at any long-baseline experiment.

* NuMAX: an initial long-baseline Neutrino Factory, optimized for a detector at SURF,
affording a precise and well-characterized neutrino source that exceeds the capabilities of
conventional superbeam technology.

* NuMAX+: a full-intensity Neutrino Factory, upgraded from NuMAX, as the ultimate
source to enable precision CP-violation measurements in the neutrino sector.

* Higgs Factory: a collider whose baseline configurations are capable of providing
between 3500 (during startup operations) and 13,500 Higgs events per year (10’ sec) with
exquisite energy resolution.

*  Multi-TeV Collider: if warranted by LHC results, a multi-TeV Muon Collider likely
offers the best performance and least cost for any lepton collider operating in the multi-
TeV regime.

Each stage is described below in terms of

* Physics interest;

* Facility and detector;

* The required R&D;

* The possible technology validation for the following stage.
Their main parameters and performance are described in Tables 1 and 2 of the Executive
Summary. A complex integrating all of the above facilities in a staged approach integrates well
with Project X on the FNAL site as shown in Figure 2.
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2.2 nuSTORM

2.2.1 Overview

The idea of using a muon storage ring to produce a high-energy (= 50 GeV) neutrino beam for
experiments was first discussed by Koshkarev’in 1974. Neuffer first produced a detailed
description of a muon storage ring for neutrino oscillation experiments’ in 1980. In his paper,
Neuffer studied muon decay rings with E, of 8, 4.5 and 1.5 GeV. His 4.5 GeV design achieved
approximately 6 x 10° useful neutrinos per 3 x 10" protons on target. The facility we describe
here (nuSTORM), essentially the same as that proposed in 1980, will utilize a 3—4 GeV/c muon
storage ring to study eV-scale oscillation physics and, in addition, could add significantly to our
understanding of v, and v, cross sections. In particular, it can
. Serve a first-rate neutrino-physics program, encompassing

»  Exquisitely sensitive searches for sterile neutrinos in both appearance and

disappearance modes;

»  Detailed and precise studies of electron- and muon-neutrino—nucleus scattering over
the energy range required by the future long- and short-baseline neutrino oscillation
program; and

2 Proposal for a Decay Ring to Produce Intense Secondary Particle Beams at the SPS, CERN/ISR-DI/74-
62, 1974.

3 D. Neuffer, “Design Considerations for a Muon Storage Ring,” Telemark Conference on Neutrino Mass,
V. Barger and D. Cline (eds.), Telemark, WI, 1980.
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*  Provide the technology test-bed required to carry out the R&D critical for the
implementation of the next step in a muon-accelerator based particle-physics program.

The facility can be viewed as the simplest implementation of the Neutrino Factory concept
described by Geer'. In our case, 120 GeV/c protons are used to produce pions off of a
conventional solid target. The pions are collected with a horn and are then transported to, and
injected into, a storage ring. Pions that decay in the first straight of the ring can yield muons that
are captured in the ring. The circulating muons then decay into electrons and neutrinos. We are
starting with a storage ring design that is optimized for 3.8 GeV/c muon momentum. This
momentum was selected to maximize the physics reach for both oscillation and cross section
physics. Figure 3 shows a schematic diagram of the facility.

. ] Target
Neutrino Beam Muon Decay Ring 0

M J

Figure 3: Schematic diagram of the nuSTORM layout.

In nuSTORM, the neutrinos are produced by the purely leptonic, and therefore well understood,
decay of muons, and thus the neutrino flux can be known with very high, sub-percent, precision.
The signals are wrong-sign muons that can be identified quite easily in a magnetized iron
detector. The precise knowledge of the neutrino flux and the expected very low backgrounds for
the wrong-sign muon search allow one to reduce systematic effects to a negligible level, hence
permitting a precise measurement of the new physics that may be behind the short-baseline
anomalies. The possible exclusion regions for sterile-neutrino oscillation parameters obtained
from 5 years of nuSTORM running are shown in Figure 4.

Muon decay yields a neutrino beam of precisely known flavor content and energy. In addition, if
the circulating muon flux in the ring is measured accurately (with beam-current transformers, for
example), then the neutrino beam flux is also accurately known. Near and far detectors are
placed along the line of one of the straight sections of the racetrack decay ring. The near detector
can be placed 20-50 meters from the end of the straight. A near detector for disappearance
measurements will be identical to the far detector, but only about one-tenth the fiducial mass. It
will require a muon catcher, however. Additional purpose-specific near detectors can also be
located in the near hall and will measure neutrino—nucleon cross sections. nuSTORM can
provide the first precision measurements of v, and v.-bar cross sections—important for future
long-baseline experiments. A far detector at approximately 2000 m will study neutrino
oscillation physics and be capable of performing searches in both appearance and disappearance
channels. The experiment will take advantage of the “golden channel” of oscillation appearance,
ve — Vv,, where the resulting final state has a “wrong-sign” muon, of opposite sign as those from
interactions of the v,-bar in the beam (e.g., in the case of u' stored in the ring, this would mean
the observation of an event with a w"). The detector will thus need to be magnetized in order to
identify the wrong-sign muon appearance channel, as is the case for the current baseline Neutrino

* S. Geer, “Neutrino beams from muon storage rings: Characteristics and physics potential,” Phys. Rev. D
57, 6989-6997 (1998).
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Factory detector’. A number of possibilities for the far detector exist. However, a magnetized
iron detector (“MIND”) similar to that used in MINOS is likely to be the most straightforward
approach. For the purposes of nuSTORM oscillation physics, a detector inspired by MINOS, but
with thinner plates and much larger excitation current (larger B field), is assumed
(“SuperBIND”).

.l arXiv:1205.6338
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Figure 4: Exclusion limits from a five-year run of nuSTORM (statistical only). The orange/shaded areas
show the combined 99%-confidence-level-allowed regions from MiniBooNE and LSND.

2.2.2 The detector

The SuperBIND detector concept for nuSTORM oscillation physics is shown schematically in
Figure 5. The iron plates are disks with an overall diameter of 6 m and thickness of 1.5 cm.
(Detector performance for 1 and 2 cm thick plates has also been simulated.) We envision that no
R&D on the iron plates will be needed. Final specification of the plate structure will be
determined once a plate fabricator is chosen.

As mentioned above, SuperBIND will have a toroidal magnetic field like that of MINOS. For
excitation, however, we plan to use the concept of the superconducting transmission line (STL)
developed for the Design Study for a Staged Very Large Hadron Collider®. Minimization of the
muon charge misidentification rate requires the highest field possible in the iron plates.
SuperBIND thus requires a much larger excitation current per turn than that of the MINOS near
detector (40 kA-turns). A configuration with 8 turns (operating at 30kA) of the STL with a 20 cm
hole has been simulated. Figure 6 shows the results of a 2D finite-element magnetic-field
analysis utilizing the plate geometry of Figure 5.

> S. Choubey e al., “Interim Design Report for the International Design Study for a Neutrino Factory,”
arXiv:1112.2853, 2011.

® G. Ambrosio et al., “Design study for a staged very large hadron collider,” VLHC Design Study Group,
2001.
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Particle detection using extruded scintillator and optical fibers is a mature technology and has
been used in many experiments including MINOS, Scibar, INGRID, POD, ECAL and the Double-
Chooz cosmic-ray veto detectors. Our initial concept for the readout planes is to have both an x
and a y view following each plate. Given the rapid development in recent years of solid-state
photodetectors based on Geiger mode operation of silicon avalanche photodiodes, this technology
has been chosen for SuperBIND.
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Figure 5: Schematic diagram of SuperBIND.

Azimuthal B-field

Figure 6: Field map in the SuperBIND detector assuming a 20 cm diameter hole and the CMS steel B-H
curve, with an excitation current of 240 kA-turns.

2.2.3 The facility

The basic concept for the facility is presented in Figure 3 and its main parameters summarized in
Table 3. A high-intensity proton source places beam on a target, producing a broad spectrum of
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secondary pions. Forward pions are focused by a horn into a transport channel. Pions decay
within the first straight of the decay ring and a fraction of the resulting muons are stored in the
ring. Muon decay within the straight sections will produce neutrino beams of known flux and
flavor. For the implementation described here, we choose a 3.8 GeV/c storage ring to obtain the
desired spectrum of = 2-3 GeV neutrinos. This means that pions must be captured at a
momentum of approximately 5 GeV/c.

Table 3: nuSTORM parameters

Parameter Unit Value
Muon momentum GeV/c 3.8
Momentum acceptance % 10
Proton momentum GeV/c 120
Power on target kW 100-150
Muons per pulse 5x 10"
Ring circumference m 470
Detector mass (Far) kt 1.3
Detector mass (Near) kt 0.2

The number of pions produced by 60—-120 GeV/c protons with various targets has been simulated
using the MARS code’ giving the pion rate, per proton on target, in a forward cone of 120 mrad.
A target optimization based on a conservative estimate for the decay-ring acceptance of 2 mm-rad
was then done which indicated that a yield of approximately 0.10 pions per proton on target can
be collected into a +10% momentum acceptance off of medium/heavy targets assuming 80%
capture efficiency.

An obvious goal for the facility is to collect as many pions as possible (within the limits of
available beam power), inject them into the decay ring and capture as many muons as possible
from the m — u decays. With pion decay within the ring, non-Liouvillean “stochastic injection”
is possible. In stochastic injection, the ~ 5 GeV/c pion beam is transported from the target into
the storage ring and dispersion-matched into a long straight section. (Circulating and injection
orbits are separated by momentum.) Decays within that straight section provide muons that are
within the ~ 3.8 GeV/c ring momentum acceptance (see Figure 7). For 5.0 GeV/c pions, the
decay length is ~ 280 m, thus ~ 52% decay within the 210 m decay ring straight.

The baseline for the muon decay ring is a FODO racetrack, although our Japanese collaborators
are also investigating an FFAG racetrack. The FODO ring (Figure 8) uses both normal and
superconducting magnets. A FODO lattice, using only normal-conducting magnets (B < 2 T), is
also being developed, giving arcs that are twice as long (~50 m), but the straight sections would
be similar.

The design goal for the ring was to maximize both the transverse and momentum acceptances,
while maintaining reasonable physical apertures for the magnets in order to keep the cost down.
This was accomplished by employing strongly focusing optics in the arcs (90° phase advance per
FODO cell), featuring small beta functions (approximately 3 m average) and low dispersion
(approximately 0.8 m average).

"N.V. Mokhov, “The Mars Code System User’s Guide,” Fermilab-FN-628, 1995.
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Figure 7: Stochastic injection scheme

Decay Straight

Figure 8: FODO decay ring schematic diagram

2.2.4 Required R&D

No R&D is required for nuSTORM. Some magnet prototyping work will be required, however.
Most of the facility’s components (primary proton beam line, target station, civil construction,
detector) have been done before and existing technology is entirely suitable.

2.2.5 Siting at Fermilab

nuSTORM will use the Main Injector (MI) abort line to extract protons from the MI through an
existing beam pipe in the MI abort absorber to a new target station to the southeast. The transport
line and decay ring are positioned on the Fermilab site east of Kautz Road. The near detector hall
is located 20 m from the end of the production straight and the far detector will be located in the
existing DO Assembly Building (DAB). A photo of the Fermilab site with the nuSTORM
facilities superimposed is shown in Figure 9.
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Figure 9: nuSTORM facilities superimposed on the Fermilab site

2.2.6 Technology validation for following phases

Advanced R&D for the high-intensity 6D ionization cooling channel required for a Muon
Collider could be pursued using the nuSTORM facility, which provides a muon source with
significant intensity (=10'° p/pulse in the 100-300 MeV/c momentum range). This beam can be
produced simultaneously with the neutrino physics program at little additional cost. This is
possible because nuSTORM requires an absorber to absorb pions remaining (about 60% of those
injected into the ring) after the first straight (see Figure 10). Pions in the momentum range 5
GeV/c £10% are extracted to the absorber. There are also many muons in the same momentum
window (forward decays) that will be extracted along with the pions. The absorber will act as a
degrader for these muons, producing the desired low-energy muon beam. Figure 11 shows the
muon momentum distribution after an absorber consisting of 3480 mm of Fe. In addition,
nuSTORM will present the opportunity to design, build and test decay ring instrumentation
(BCT, momentum spectrometer, polarimeter) to measure and characterize the circulating muon
flux.
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Figure 10: nuSTORM storage ring. About 50% of pions decay in the straight section. Pion absorber
serves as a degrader to produce muons in the desired momentum range.
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Figure 11: Muon beam momentum distribution at the exit of the degrader. O(10'") muons per pulse should
be available.

Two key 6D cooling channel designs currently under detailed study can be tested at the
nuSTORM facility without affecting the main neutrino activities: the Guggenheim and the Helical
Cooling Channel (HCC); see layouts in Figure 12. Once the bench test for one of these channels
is carried out with no beam, a section of cooling channel long enough for appreciable 6D cooling
could be used at the nuSTORM facility for a demonstration with beam. The nuSTORM facility
could also house the equipment and infrastructure required for the initial bench test.

Figure 12: Two six-dimensional cooling channel designs. Left: initial stages of he Guggenheim channel;
top-right: conceptual drawing of the Helical Cooling Channel; bottom-right: HCC test coil assembly.
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2.3 Neutrino Factory

2.3.1 Physics specific to muon based Neutrino Factory

The Neutrino Factory concept is attractive since it provides very high intensity neutrino and
antineutrino beams which are exact CP conjugates. The flavor content and energy spectrum as
well as the total flux can be determined to better than 1%, which, combined with the great
flexibility in neutrino energy, makes a Neutrino Factory the ideal source for precision neutrino
physics. Moreover, the beam contains equal numbers of muon and electron flavors and therefore,
it is possible to directly measure the relevant cross sections, including nuclear effects, in the near
detector. As a result it is widely recognized that the Neutrino Factory is the only concept that will
allow an accuracy in the determination of leptonic mixing parameters that can compete with that
in the quark sector.

Neutrino Factories were originally designed to cover the smallest possible values of 83, but in
response to the measurement of large 0,3, the Neutrino Factory design was reoptimized to a stored
muon energy of 10 GeV and a single baseline of 2000 km using a 100 kt magnetized iron
detector. It is possible to further reduce the energy to around 5 GeV and concomitantly the
baseline to 1300 km without an overall loss in performance if one changes the detector
technology; possible choices include a magnetized liquid argon or fully active plastic-scintillator
detector to improve efficiency around 1-2 GeV. Once one of these technology choices is shown
to be feasible, there is no strong physics-performance reason to favor the 10 GeV over the 5 GeV
option, or vice versa. The low-energy option is attractive due to its synergies with planned super-
beams such as LBNE and because the detector technology would allow a comprehensive physics
program in atmospheric neutrinos, proton decay and supernova detection. For the low-energy
option detailed studies of intensity staging have been carried out which indicate that even at 1/20™
of the full-scale beam intensity and starting with a 10 kt detector, significant physics gains
beyond the initial phases of a pion-decay based experiment, such as LBNE, can be realized. At
full beam intensity and with a detector mass in the range of 10-30 kt, a 5 GeV Neutrino Factory
offers the best performance of any conceived neutrino oscillation experiment (Figures 13 and 14).
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Figure 13: Accuracy on the CP phase vs. the true value of the CP phase at 1o confidence level. Light-blue
bands depict the accuracy expected from LBNE using the various beams Project X can deliver. In the left
panel, the thick blue curves represent what a Neutrino Factory beam can do using a magnetized LAr
detector. In the right panel, the gray bands illustrate the accuracy of a Neutrino Factory using a non-
magnetized detector (for Neutrino Factory beam intensities see Table 1 of the Executive Summary).
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Figure 14: Comparison of the sensitivity to CP violating for various experimental schemes
including LBNE with Project X, T2HK, Daedelus and the various possible stages of NUMAX,
where the NuUMAX sensitivities assume a magnetized detector.

To pursue the study of short-baseline neutrino oscillations, several proposals exist, both at FNAL
and CERN, to use pion decay-in-flight beams, as MiniBooNE did; the crucial difference with
respect to MiniBooNE would be the use of a near detector and the potential use of LAr TPCs
instead of scintillator detectors. While these new proposals would constitute a significant step
beyond what MiniBooNE has achieved, especially in terms of systematics control, it remains to
be proven that a beam which has a 1% level contamination of ve can be used to perform a high-
precision study of a sub-percent ve appearance effect. In particular, it should be pointed out that
many of these proposals involve near and far detectors of very different sizes and/or geometrical
acceptance, and thus cancellations of systematics will be far from perfect. Therefore, it is not
obvious that these experiments can take full advantage of the beam intensities Project X will
deliver.

2.3.2 The detector in a phased approach

With a baseline of 1300 km the relevant neutrino energies for oscillation measurements (dictated
by Ams,®) lie in the 1-2 GeV range. The MIND technology preferred for the International
Design Study for the Neutrino Factory (IDS-NF) starts to become inefficient at these low energies
and it is anticipated that a change of detector technology will be needed. Two candidates suggest
themselves at this point in time: magnetized, fully active, plastic scintillator and magnetized
liquid argon TPCs. Since LBNE has chosen a liquid argon (LAr) TPC (Figure 15) as its far-
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detector technology, a staged approach to a Neutrino Factory using a magnetized liquid argon
detector seems the way to go, with possibly 10 kt fiducial mass (twice as much for the whole
detector) at NuMAX upgradable to 30 kt at NuMAX+.

There is considerable liquid argon TPC R&D taking place worldwide with the primary goal of
providing input to the detailed design of the LBNE far detector(s). There have been some R&D
efforts in Europe toward a magnetized LAr TPC, but considerable R&D remains to be done.
Pending that R&D, it is not yet clear whether a non-magnetized LAr TPC for LBNE could be
economically retrofitted with a magnetic field or whether an entirely new detector would need to
be built.

Figure 15: The 10 kt liquid argon LBNE detector

2.3.3 The facilities in a phased approach

2.3.3.1 Introduction

Here we describe facilities required for a staged approach to a Neutrino Factory, which could
eventually be reused for future Higgs Factory and multi-TeV Muon Colliders. The proposed
staging scenario envisions first a lower-energy (5 GeV), lower-intensity Neutrino Factory
(NuMAX), upgradable to full intensity (NuMAX+), with parameters listed in Table 1.

The Neutrino Factory uses a high-energy proton beam to produce charged pions. The majority of
the produced pions have momenta of a few hundred MeV/c, with a large momentum spread, and
transverse momentum components that are comparable to their longitudinal momentum. Hence,
the daughter muons are produced within a large longitudinal and transverse phase-space. This
initial muon population must be confined transversely, captured longitudinally, and have its
phase-space manipulated to fit within the acceptance of an accelerator. These beam
manipulations must be done quickly, before the muons decay (to = 2.2 us). Finally, muons are
stored in the decay ring to produce neutrino beams in the ring’s straight sections. The figure of
merit describing performance of the various stages is the neutrino flux generated by decaying
muons in the storage ring straights. Assuming a standard 10’ operating seconds/year, the
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projected muon fluxes, as summarized in Table 1, are 2 x10%° u* per year (NuMAX) and 1.2 x
10%" u* per year (NuMAX+).

2.3.3.2 Components
The functional elements of a Neutrino Factory, illustrated schematically in Figure 16, are as
follows:

* A proton source producing a high-power multi-GeV bunched proton beam.

* A pion production target that operates within a high-field solenoid. The solenoid
confines the pions radially, guiding them into a decay channel.

* A solenoid decay channel.

* A system of RF cavities that captures the muons longitudinally into a bunch train, and
then applies a time-dependent acceleration that increases the energy of the slower (low-
energy) bunches and decreases the energy of the faster (high-energy) bunches.

* A cooling channel that uses ionization cooling to reduce the transverse phase space
occupied by the beam, so that it fits within the acceptance of the first acceleration stage.

* An acceleration scheme that accelerates the muons to 5 GeV.

* A5 GeV “racetrack” storage ring with long straight sections.
For the sake of an early start, NuMAX is similar to NuMAX+ except for the proton driver, with a
reduced beam power of 1 MW instead of 3 MW, and no muon cooling. Its performance is

therefore reduced by about a factor of six: 3 due to the reduced proton beam power and 2 due to
the lack of cooling.
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Figure 16: Functional elements of a 5 GeV Neutrino Factory

2.3.3.3 Implementation on the Fermilab site

Here we discuss facility specifics based on Fermilab’s infrastructure and the various stages of
Project X. The facilities will support NuMAX and its upgrade to a full-intensity NF at 5 GeV. A
schematic view of the facility layout on the Fermilab site is given in Figure 2. The above scheme
and its components are described below.
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2.3.3.3.1 Proton Driver

The primary requirement for an NF Proton Driver is the number of useful muons produced
at the end of the decay channel, which, to good approximation, is proportional to the
primary proton beam power, and (within the 5-15 GeV range) only weakly dependent on
the proton beam energy. Studies have shown that proton beam power in the 1-4 MW range
is needed8d. In addition to the beam-power requirement, short proton bunches, 2+1 ns
(rms), are required.

Thus, the 3 GeV/1 MW proton beam provided by the Project X Stage Ila linac is suitable for
NuMAX. Nevertheless, higher beam power is highly desirable. Upgrading to the full 3 MW
capability of Project X Stage IIb will improve the neutrino flux by a factor of 3. Further upgrades
later to the 4 MW beam power at 8 GeV provided by Project X Stage IV would increase the
neutrino flux by about another factor of 2.

The proton beam must be bunched to form a bunch structure suitable for a NF. A bunching
scheme based on two rings can be implemented as shown in Figure 16. The first storage ring (the
Accumulator) accumulates, via charge stripping of the H beam. The incoming beam from the
linac is chopped to allow clean injection into pre-existing RF buckets. Painting will be necessary
in 4D transverse phase space, and possibly also in longitudinal phase-space, in order to control
space-charge forces. The second storage ring (the Compressor) accepts two to four bunches from
the Accumulator and then performs a 90° bunch rotation in longitudinal phase space, shortening
the bunches at the limit of space-charge tune shift just before extraction. The ring must have a
large momentum acceptance to allow for the beam momentum spread (a few %) during bunch
rotation. The short bunches are extracted from the Compressor into separate (“trombone”)
transport lines of differing lengths so that they arrive on the target at the same time.

2.3.3.3.2 Target and Decay Channel

Results from the MERIT (Mercury Intense Target) Experiment?0 have provided a proof-of-
principle demonstration for a free Hg-jet target technology that could survive beam power
up to ~ 8 MW, as contemplated in NF scenarios. The target, pion-collection, and pion-decay
channel for high-energy Neutrino Factories have been extensively studied. They involve
short (1 to 3 ns rms) pulses of protons focused onto a liquid Hg-jet target immersed in a
high-field (20 T) solenoid. The same designs can be used for a low-energy NF using a 3-8
GeV proton source, and therefore the design from the IDS-NF11 can be adopted.

The initial proton bunch is relatively short, and as the secondary pions drift from the target they
spread longitudinally. Hence, downstream of the target, the pions and their daughter muons
develop a position—energy correlation in the (RF-free) decay channel. In the IDS-NF baseline

¥ S. Geer and M.S. Zisman, “Neutrino Factories: Realization and physics potential”, Prog. Part. Nucl.
Phys. 59 (2007) 631.

’J8. Berg, S.A. Bogacz, S. Caspi, J. Cobb, R.C. Fernow, J.C. Gallardo, S. Kahn, H. Kirk, D. Neuffer, R.
Palmer, K. Paul, H. Witte, M. Zisman, “Cost-effective Design for a Neutrino Factory”, Phys. Rev. ST
Accel. Beams 9, 011001 (2006).

'""H.G. Kirk er al., “A high-power target experiment at the CERN PS,” Proc. 2007 Part. Accel. Conf,,
Albuquerque, NM, June 25-29, 2007, pp. 646—648.

"' I.S. Berg et al. (ISS Accelerator Working Group), “International scoping study of a future Neutrino
Factory and super-beam facility: Summary of the Accelerator Working Group” (ed. M. Zisman),
RAL-TR-2007-23, December 2007, arXiv:0802.4023v1 [physics.acc-ph], 27 February 2008.
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design, the drift length is chosen as 56.4 m, and at the end of the decay channel there are about
0.2 muons of each sign per incident 8 GeV proton'?.

The early NuMAX phase based on a proton driver of 1 MW at 3 GeV could start with a more
conventional target or could take advantage of the experience gained on the Hg target operated by
SNS at similar power for several years. The evolution from NuMAX to NuMAX+ based on a
power increase of the proton beam on target to the 3 to 4 MW range will require a major target
upgrade.

2.3.3.3.3 Bunching and Phase Rotation

The decay channel is followed by a buncher section that uses RF cavities in a frequency range
compatible with 325 MHz in order to form the muon beam into a train of bunches, and by a
phase—energy rotating section that decelerates the leading high-energy bunches and accelerates
the late low-energy bunches, so that each bunch has the same mean energy. The initial RF-cavity
layout assumes 0.5 m long cavities placed within 0.75 m long cells. The 2 T solenoid focusing of
the decay region is continued through the buncher and the following rotator section. The RF
gradient is increased from cell to cell along the buncher, and the beam is captured into a string of
bunches. The gradient at the end of the buncher is 15 MV/m. This gradual increase of the
bunching voltage enables a somewhat adiabatic capture of the muons into separated bunches,
which minimizes phase-space dilution.

One critical feature of the muon production, collection, bunching and phase rotation scheme is the
production of bunches of both signs (1" and p°) at roughly equal intensities. Note that all of the
focusing systems are solenoids, which focus both signs, and the RF systems have stable
acceleration for opposite signs separated by a phase difference of .

All of these issues were extensively studied within the IDS-NF, therefore designs for these
systems can be adopted from that study".

2.3.3.3.4 4D Cooling Channel

The initial NuMAX does not use cooling. As illustrated in Figure 2, a “place-holder” for future
cooling is provided after the phase rotator. It consists of a straight drift channel with RF cavities
at zero crossing to assure longitudinal focusing. An IDS-style cooling channel will be added for
NuMAX+. The cooling channel' consists of a sequence of identical 1.5 m long cells. Each cell
contains two 0.5 m long RF cavities, with 0.25 m spacing between the cavities and 1 cm thick
LiH blocks at the ends of each cavity (4 per cell). The LiH blocks constitute the energy-
absorbing material for ionization cooling. Each cell contains two solenoid coils of alternating
signs; this yields an approximately sinusoidal variation of the magnetic field in the channel with a
peak value of =2.5 T, providing transverse focusing with 3. = 0.8 m. The total length of the

"2 N. Mokhov, “Particle Production and Radiation Environment at a Neutrino Factory Target Station,”
Fermilab-Conf-01/134, Proc. 2001 Particle Accelerator Conference, Chicago (2001), p. 745; see also
http://www-ap.fnal.gov/MARS/

B D. Neuffer and A. Van Ginneken, Proc. 2001 Part. Acc. Conf., Chicago, IL (2001), p. 2029;

D. Neuffer, “‘High Frequency’ Buncher and Phase Rotation,” Proc. NuFact03 Workshop, AIP Conf.
Proc. 721 (2004), p. 407.

M. Ankenbrandt, S. A. Bogacz, A. Bross, S. Geer, C. Johnstone, D. Neuffer, R. Palmer, M. Popovic,

“Low Energy Neutrino Factory Design,” Phys. Rev. ST Accel. Beams 12, 070101 (2009).
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cooling section is 75 m (50 cells). Based on IDS-NF simulations, the cooling channel is expected
to reduce the rms transverse normalized emittance from exms= 18 mm-rad to exms = 7 mm-rad.
The resulting longitudinal emittance is €Lms =70 mm/bunch. Consequently, about a factor 2
improvement of neutrino flux is expected from implementation of the 4D cooling.

2.3.3.3.5 Acceleration

To ensure adequate survival of the short-lived muons, acceleration must occur at high average
gradient. The accelerator must also accommodate the phase-space volume occupied by the beam
after the cooling channel, which is still large'. The need for large transverse and longitudinal
acceptances drives the design of the acceleration system to low RF frequency, e.g., 325 MHz.
High-gradient normal conducting RF cavities at these frequencies require very high peak-power
RF sources. Hence superconducting RF (SRF) cavities are preferred. In the following we choose
an SRF gradient of 15 MV/m, which has been demonstrated at 325 MHz'®, and which will allow
survival of about 84% of the muons as they are accelerated to 5 GeV.

The proposed muon accelerator complex consists of a single-pass, 1.2 GeV superconducting linac
with 325 MHz RF cavities that captures the large muon phase-space coming from the phase
rotator (in the case of NuMAX), or the factor-of-2.5 smaller phase-space after the cooling channel
(in the case of NuMAX+). The linac accelerates the muons to sufficiently relativistic energies to
facilitate efficient acceleration in the RLA, while adiabatically decreasing their phase-space
volume. The large acceptance of the linac requires large aperture and tight focusing. This,
combined with moderate beam energies, favors solenoid rather than quadrupole focusing for the
entire linac. The linac is followed by a 4.5-pass, 0.85 GeV, 325 MHz “dogbone” recirculating
linear accelerator (RLA) that further compresses and shapes the longitudinal and transverse
phase-space, while increasing the energy to 5 GeV. At the ends of the RLA linacs the beams
need to be directed into the appropriate energy-dependent (pass-dependent) “droplet” arc for
recirculation'’. The phase space at the RLA exit is characterized by Ap/p = 0.012 (rms) and Az =
8.6 cm (rms) .

The overall layout of the accelerator complex is shown in Figure 17.

'3 S.A. Bogacz, J. Phys. G: Nucl. Part. Phys. 29, 1723 (2003).
'S A. Bogacz, Nucl. Phys. B 149, 309 (2005).
'7S.A. Bogacz, Nucl. Phys. B. 155, 334 (2006).
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Figure 17: Layout of the accelerator complex: single-pass linac and 4.5-pass RLA to 5 GeV

Accelerator performance with 4D cooling as described in the previous subsection features
dynamic losses of only ~0.5%. The same accelerator complex was recently studied for beam
transport with the larger transverse emittances corresponding to the NuMAX scenario without 4D
cooling. Assuming the same physical apertures in the linac and RLA, multiparticle tracking
showed ~52% loss of the beam, thus reducing the effective muon flux by about a factor of two as
compared to NuMAX+ due to the lack of 4D cooling in NuMAX.

2.3.3.3.6 Storage Ring

Extensive studies of muon decay rings favor a racetrack geometry, where muon of both signs can
be stored in a single ring into which u" and p~ bunches are injected in opposite directions, and
both long straight sections point towards the same distant detector. One straight section provides
a neutrino beam from p~ decays, and the other from p~ decays. Optimally the muon decay ring
has circumference corresponding to an integral number of proton driver cycle times. One can
adapt an earlier design of a 4 GeV decay ring'!, or one scaled from the IDS-NF design, with
neutrino-beam-forming “production” straight sections chosen to be 235 m long and
corresponding ring circumference ~ 600 m.

To minimize neutrino flux uncertainties, the rms muon beam divergence in the production
straight section, O, must be much smaller than the rms neutrino beam divergence, Op, arising
from muon decay kinematics. The design criterion is 8 < 0.1 8p. The fraction of muons that
decay in the storage ring while traveling in the direction of the distant detector is determined by
the ratio of the production straight section length to the ring circumference. With the parameters
above, that ratio is about 0.4. Finally, the ring must accommodate the muon-beam momentum
spread which, after acceleration, is Ap/p = 0.03. A sufficiently large momentum acceptance
requires chromaticity correction through the use of sextupoles.

2.3.4 Required R&D

Since the initial-stage Neutrino Factory, NuMAX, relies on proton beam power of 1 MW at 3
GeV provided by the second phase of Project X with no cooling, its critical challenges are limited
to:
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* Proton driver and target corresponding to the state of the art in operation at SNS and
therefore no specific development needed;
* A 15-20 T solenoid to efficiently capture the pions produced in the target;
* Accelerating gradient in low frequency (325-975 MHz) RF structures immersed in high
magnetic field as required by the front end;
* High efficiency recirculating linear accelerators (RLA);
* 10 kt magnetized liquid argon (LAr) or magnetized fully active plastic-scintillator
detector.
The high-field solenoid and RF cavities immersed in large magnetic fields are major subjects of
development during the MAP Feasibility Assessment phase with results expected by or before
2018. The novel RLA technology involves multi-pass arcs based on linear combined-function
magnets, which allow two consecutive passes with very different energies to be transported
through the same string of magnets. Such a solution combines compactness with all of the
advantages of a linear nonscaling FFAG, namely, the large dynamic aperture and momentum
acceptance essential for large-emittance muon beams. The dogbone RLA with 2-pass arcs is the
subject of a specific proof-of-concept electron test facility, JEMMRLA (JLab Electron Model of
Muon RLA), proposed to be built and operated at Jefferson Lab. The NuMAX facility could thus
be built soon after the completion of the MAP feasibility study—thus, if successful, by the end of
this decade.

The full-intensity Neutrino Factory, NuMAX+, is upgraded from NuMAX by additional proton
beam power on target and modest cooling of the beam emittances by a factor 2.5 in both
transverse planes. Its major technical challenges therefore consist of:

* Proton driver of 3 MW at 3 GeV as provided by Project X Stage IIb and corresponding
upgrade of the ta