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Abstract

The long-term prospects for fully exploring three-flavor mixing in the neutrino sector depend
upon an ongoing and increased investment in the appropriate accelerator R&D. Two new concepts
have been proposed that would revolutionize neutrino experiments, namely the Neutrino Factory
and the Beta Beam facility. These new facilities would dramatically improve our ability to test the
three-flavor mixing framework, measure CP violation in the lepton sector, and perhaps determine
the neutrino mass hierarchy, and, if necessary, probe extremely small values of the mixing angle
f13. The stunning sensitivity that could be achieved with a Neutrino Factory is described, together
with our present understanding of the corresponding sensitivity that might be achieved with a
Beta Beam facility. In the Beta Beam case, additional study is required to better understand
the optimum Beta Beam energy, and the achievable sensitivity. Neither a Neutrino Factory nor a
Beta Beam facility could be built without significant R&D. An impressive Neutrino Factory R&D
effort has been ongoing in the U.S. and elsewhere over the last few years and significant progress
has been made towards optimizing the design, developing and testing the required accelerator
components, and significantly reducing the cost. The recent progress is described here. There has
been no corresponding activity in the U.S. on Beta Beam facility design and, given the very limited
resources, there is little prospect of starting a significant U.S. Beta Beam R&D effort in the near
future. However, the Beta Beam concept is interesting, and progress on its development in Europe
should be followed. The Neutrino Factory R&D program has reached a critical stage in which
support is required for two crucial international experiments and a third-generation international
design study. If this support is forthcoming, a Neutrino Factory could be added to the Neutrino

Community’s road map in about a decade.



Preface

In response to the remarkable recent discoveries in neutrino physics, the APS Divisions of
Particles and Fields, and of Nuclear Physics, together with the APS Divisions of Astrophysics
and the Physics of Beams, have organized a year long Study on the Physics of Neutrinos [1]
that began in the fall of 2003. Within the context of this study, the Neutrino Factory and
Beta Beam Experiments and Development Working Group was charged with reviewing, and
if possible advancing, our understanding of the physics capabilities and design issues for these
two new types of future neutrino facilities. To fulfill this charge, the working group conducted
a Workshop at ANL March 3-4, 2004. The presentations and discussion at this Neutrino
Factory and Beta Beams Workshop, together with the Neutrino Factory Design work of
the Neutrino Factory and Muon Collider Collaboration [2], form the basis for this report.
Over the last few years, there have been a series of workshops that have explored the design
and physics capabilities of Neutrino Factories. These meetings include the international
NUFACT Workshop series [3, 4, 5, 6, 7], many smaller, more specialized, workshops focused
on specific parts of Neutrino Factory design and technology, and two more detailed Feasibility
Studies [8, 9]. In addition, a large body of literature documents the physics motivation
for Neutrino Factories and the progress that has been made towards realizing this new
type of neutrino facility. The Neutrino Factory related goals for the working group were
therefore to (i) review and summarize the results of the extensive work already done, and
(ii) to update the picture utilizing the design study resources of the Neutrino Factory and
Muon Collider Collaboration, and the latest results from those making detailed studies of
the physics capabilities of Neutrino Factories. The Beta Beam concept is several years
younger than the Neutrino Factory concept, and the community’s understanding of both

the physics capabilities and the required design parameters (particularly the beam energy)



is still evolving. Beta Beam R&D is being pursued in Europe, but there is no significant Beta
Beam R&D activity in the U.S. Hence, Beta Beam related goals of the working group were
necessarily more modest than the equivalent Neutrino Factory related goals. We restricted
our ambitions to reviewing the evolving understanding of the physics reach coming out of
work from Beta Beam proponents in Europe, and the R&D challenges that must be met
before a Beta Beam facility could be built. Possibilities for Neutrino Factory and Beta Beam
facilities seem to have caught the imagination of the community. We hope that this report
goes some way towards documenting why, and what is required to make these new and very

promising neutrino tools a reality.

Steve Geer and Mike Zisman



I. INTRODUCTION

Neutrino Factory [10, 11, 12] and Beta Beam [13] facilities offer two exciting options for
the long-term neutrino physics program. In the U.S. there has been a significant investment
in developing the concepts and technologies required for a Neutrino Factory, but no equiv-
alent investment in developing Beta Beams. In the following we consider first the Neutrino
Factory, and then the Beta Beam case.

New accelerator technologies offer the possibility of building, in the not-too-distant future,
an accelerator complex to produce and capture more than 10° muons per year [11]. It has
been proposed to build a Neutrino Factory by accelerating the muons from this intense
source to energies of several tens of GeV, injecting them into a storage ring having long
straight sections, and exploiting the intense neutrino beams that are produced by muons

decaying in the straight sections. The decays
po— e v, pt = et (1)

offer exciting possibilities to pursue the study of neutrino oscillations and neutrino interac-
tions with exquisite precision.

To create a sufficiently intense muon source, a Neutrino Factory requires an intense
multi-GeV proton source capable of producing a primary proton beam with a beam power
of 1 MW or more on target. This is just the proton source required in the medium term for
Neutrino Superbeams. Hence, there is a natural evolution from Superbeam experiments in
the medium term to Neutrino Factory experiments in the longer term.

The physics case for a Neutrino Factory will depend upon results from the next round
of planned neutrino oscillation experiments. If the unknown mixing angle 6,3 is small, such
that sin® 2013 < O(1072), or if there is a surprise and three-flavor mixing does not completely
describe the observed phenomenology, then answers to some or all of the most important
neutrino oscillation questions will require a Neutrino Factory. If sin® 26,5 is large, just below
the present upper limit, and if there are no experimental surprises, the physics case for a
Neutrino Factory will depend on the values of the oscillation parameters, the achievable
sensitivity that will be demonstrated by the first generation of v, appearance experiments,
and the nature of the second generation of basic physics questions that will emerge from

the first round of results. In either case (large or small 6,3), in about a decade the neutrino



community may need to insert a Neutrino Factory into the global neutrino plan. The option
to do this in the next 10-15 years will depend upon the accelerator R&D that is done during
the intervening period.

In the U.S., the Neutrino Factory and Muon Collider Collaboration (referred to herein
as the Muon Collaboration, or MC) [2] is a collaboration of 130 scientists and engineers
devoted to carrying out the accelerator R&D that is needed before a Neutrino Factory
could be inserted into the global plan. Much technical progress has been made over the
last few years, and the required key accelerator experiments are now in the process of
being proposed and approved. The 2001 HEPAP subpanel [14] recommended a level of
support that is sufficient to perform the critical accelerator R&D during the next 10-15
years. This support level significantly exceeds the present investment in Neutrino Factory
R&D. In addition to the U.S. effort, there are active Neutrino Factory R&D groups in
Europe [15], [16] and Japan [17], and much of the R&D is performed and organized as an
international endeavor. Thus, because a Neutrino Factory is potentially the key facility for
the long-term neutrino program, Neutrino Factory R&D is an important part of the present
global neutrino program. Indeed, the key R&D experiments are seeking funding now, and
will need to be supported if Neutrino Factories are to be an option for the future.

Consider next Beta Beam facilities [13], [18]. It has been proposed to modify the Neu-
trino Factory concept by injecting beta-unstable radioactive ions, rather than muons, into a
storage ring with long straight sections. This would produce a pure v, or 7, beam, depend-
ing on the stored ion species. The very low @ value for the decay means that the resulting
neutrino beam will have a very small divergence, but it also means that the parent ions
must be accelerated to high energies to produce neutrinos with even modest energies. The
baseline Beta Beam concept involves accelerating the radioactive ions in the CERN SPS,
which yields neutrino beams with energies of a few hundred MeV. The sensitivity of these
Beta Beams to small values of ;3 appears to be comparable with the ultimate sensitivity
of Superbeam experiments. Better performance might be achieved with higher energy Beta
Beams, requiring the ions to be accelerated to at least TeV energies. This requires further
study. This R&D is currently being pursued in Europe, where the proponents hope that a
Beta Beam facility together with a Superbeam at CERN and a very massive water Cerenkov
detector in the Fréjus tunnel, would yield a very exciting neutrino program.

In this report, we summarize the expected sensitivities of Neutrino Factory and Beta



Beam neutrino oscillation experiments, and the status of the R&D required before these
exciting facilities could become a part of the neutrino community’s global plan. Exploiting
the enthusiastic involvement of the Muon Collaboration in the study, we also describe an up-
dated Neutrino Factory design that demonstrates significant progress toward cost reduction
for this ambitious facility. The report is organized as follows. Section II describes in some de-
tail the Neutrino Factory and Beta Beam design concepts. In Section III, Neutrino Factory
and Beta Beam properties are described and compared with conventional neutrino beams.
The neutrino oscillation physics reach is presented in Section IV. Progress on Neutrino
Factory designs along with some comments on the possibility of a U.S.-based Beta Beam
facility are discussed in Section V. The Neutrino Factory and Beta Beam R&D programs
are described in Section VI. A summary is given in Section VII and some recommendations
are presented in Section VIII. Finally, in Appendix A a cost scaling with respect to the
Feasibility Study-II cost numbers is presented.

II. MACHINE CONCEPTS

In this Section we describe the basic concepts that are used to create a Neutrino Factory
or a Beta Beam facility. Though the details of the two facilities are quite different, many of
the required features have common origins. Both facilities are “secondary beam” machines,
that is, a production beam is used to create the secondary beam that eventually provides
the neutrino flux for the detector.

For a Neutrino Factory, the production beam is a high intensity proton beam of moderate
energy (beams of 2-50 GeV have been considered by various groups) that impinges on a
target, typically a high-Z material. The collisions between the proton beam and the target
nuclei produce a secondary pion beam that quickly decays into a longer-lived (2.2 ps) muon
beam. The remainder of the Neutrino Factory is used to condition the muon beam (see
Section ITA), accelerate it rapidly to the desired final energy of a few tens of GeV, and store
it in a decay ring having a long straight section oriented such that decay neutrinos produced
there will hit a detector located thousands of kilometers from the source.

A Beta Beam facility is one in which a pure electron neutrino (from %) or antineutrino
(from 57) beam is produced from the decay of beta unstable radioactive ions circulating

in a storage ring. As was the case for the Neutrino Factory, current Beta Beam facility



concepts are based on using a proton beam to hit a layered production target. In this
case, nuclear reactions are used to produce secondary particles of a beta-unstable nuclide.
The proposed approach uses either spallation neutrons from a high-Z target material or
the incident protons themselves to generate the required reactions in a low-Z material. The
nuclide of interest is then collected, ionized, accumulated, and accelerated to its final energy.
The process is relatively slow, but this is acceptable as the lifetimes of the required nuclides,

of order 1 s, are sufficiently long.

A. Neutrino Factory

The various components of a Neutrino Factory, based in part on the most recent Feasibil-
ity Study (Study-II, referred to herein as FS2) [9] that was carried out jointly by BNL and
the U.S. Neutrino Factory and Muon Collider Collaboration, are described briefly below.
Details of the design discussed here are based on the specific scenario of sending a neutrino
beam from BNL to a detector in Carlsbad, New Mexico. More generally, however, the design
exemplifies a Neutrino Factory for which two Feasibility Studies [8, 9] have demonstrated
technical feasibility (provided the challenging component specifications are met), established
a cost baseline, and established the expected range of physics performance. It is worth not-
ing that the Neutrino Factory design we envision could fit comfortably on the site of an
existing laboratory, such as BNL or FNAL. As part of the current Study, we have devel-
oped improved methods for accomplishing some of the needed beam manipulations. These
improvements are included in the description below.

The main ingredients of a Neutrino Factory include:

e Proton Driver: Provides 1-4 MW of protons on target from an upgraded AGS; a

new booster at Fermilab would perform equivalently.

e Target and Capture: A high-power target immersed in a 20 T superconducting
solenoidal field to capture pions produced in proton-nucleus interactions. The high
magnetic field at the target is smoothly tapered down to a much lower value, 1.75 T,
which is then maintained through the bunching and phase rotation sections of the

Neutrino Factory.

e Bunching and Phase Rotation: We first accomplish the bunching with rf cavities



of modest gradient, whose frequencies change as we proceed down the beam line. After
bunching the beam, another set of rf cavities, with higher gradients and again having
decreasing frequencies as we proceed down the beam line, is used to rotate the beam

in longitudinal phase space to reduce its energy spread.

e Cooling: A solenoidal focusing channel, with high-gradient 201.25 MHz rf cavities
and LiH absorbers, cools the transverse normalized rms emittance from 17 mm-rad to

about 7 mm-rad. This takes place at a central muon momentum of 220 MeV /c.

e Acceleration: A superconducting linac with solenoidal focusing is used to raise the
muon beam energy to 1.5 GeV, followed by a Recirculating Linear Accelerator (RLA),
arranged in a “dogbone” geometry, to provide a 5 GeV muon beam. Thereafter, a
pair of cascaded Fixed-Field, Alternating Gradient (FFAG) rings, having quadrupole
triplet focusing, is used to reach 20 GeV. Additional FFAG stages could be added to

reach a higher beam energy, if the physics requires this.

e Storage Ring: We employ a compact racetrack-shaped superconducting storage ring
in which ~ 35% of the stored muons decay toward a detector located some 3000 km

from the ring. Muons survive for roughly 500 turns.

1.  Proton Driver

The proton driver considered in FS2, and taken here as well, is an upgrade of the BNL
Alternating Gradient Synchrotron (AGS) and uses most of the existing components and
facilities; parameters are listed in Table I. To serve as the proton driver for a Neutrino
Factory, the existing booster would be replaced by a 1.2 GeV superconducting proton linac.
The modified layout is shown in Fig. 1. The AGS repetition rate would be increased from
0.5 Hz to 2.5 Hz by adding power supplies to permit ramping the ring more quickly. No new
technology is required for this—the existing supplies would be replicated and the magnet
strings would be split into six sectors rather than the two used presently. The total proton
charge (10'* ppp in six bunches) is only 40% higher than the current performance of the
AGS. However, the bunches required for a Neutrino Factory are shorter than those used in
the AGS at present, so there is a large increase in peak current and concomitant need for an

improved vacuum chamber; this is included in the upgrade. The six bunches are extracted



To RHIC

High Intensity Source
plus RFQ To Target Station
116 MeV Drift Tube Linac

(first sections of 200 MeV Linac)
BOOSTER

AGS
1.2GeV 24 GeV
0.4 s cycle time (2.5 Hz)

141114

400 MeV

Superconducting Linacs

FIG. 1: (Color) AGS proton driver layout.

separately, spaced by 20 ms, so that the target and rf systems that follow need only deal
with single bunches at an instantancous repetition rate of 50 Hz (average rate of 15 Hz).
The average proton beam power is 1 MW. A possible future upgrade to 2 x 10* ppp and
5 Hz could give an average beam power of 4 MW. At this higher intensity, a superconducting
bunch compressor ring would be needed to maintain the rms bunch length at 3 ns.

If the facility were built at Fermilab, the proton driver would be newly constructed. A

number of technical options are presently being explored [19],[20].

TABLE I: Proton driver parameters for BNL design.

AGS

Total beam power (MW) 1
Beam energy (GeV) 24
Average beam current (puA) 42
Cycle time (ms) 400
Number of protons per fill 1 x 10"
Average circulating current (A) 6
No. of bunches per fill 6
No. of protons per bunch 1.7 x 1013
Time between extracted bunches (ms) 20
Bunch length at extraction, rms (ns) 3
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2. Target and Capture

A mercury-jet target is chosen to give a high yield of pions per MW of incident proton
power. The 1-cm-diameter jet is continuous, and is tilted with respect to the beam axis.

The target layout is shown in Fig. 2. We assume that the thermal shock from the interacting
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FIG. 2: (Color) Target, capture solenoids and mercury containment.

proton bunch fully disperses the mercury, so the jet must have a velocity of 20-30 m/s to
allow the target material to be renewed before the next proton bunch arrives. Calculations
of pion yields that reflect the detailed magnetic geometry of the target area have been
performed with the MARS code [21] and are reported in Section V. The FS2 design was
updated for the present study to improve muon throughput. To avoid mechanical fatigue
problems, a mercury pool serves as the beam dump. This pool is part of the overall target
system—its mercury is circulated through the mercury jet nozzle after passing through a
heat exchanger. Pions emerging from the target are captured and focused down the decay
channel by a solenoidal field that is 20 T at the target center, and tapers down, over 12 m,
to 1.75 T. The 20 T solenoid, with a resistive magnet insert and superconducting outer coil,

is similar in character to higher field (up to 45 T), but smaller bore, magnets existing at

11



several laboratories [22]. The magnet insert is made with hollow copper conductor having
ceramic insulation to withstand radiation. MARS simulations [23] of radiation levels show
that, with the shielding provided, both the copper and superconducting magnets will have

reasonable lifetime.

3. Buncher and Phase Rotation

Pions, and the muons into which they decay, are generated in the target over a very wide
range of energies, but in a short time pulse (=~ 3 ns rms). To prepare the muon beam for
acceleration thus requires significant “conditioning.” First, the bunch is drifted to develop
an energy correlation, with higher energy particles at the head and lower energy particles at
the tail of the bunch. Next, the long bunch is separated into a number of shorter bunches
suitable for capture and acceleration in a 201-MHz rf system. This is done with a series
of rf cavities having frequencies that decrease along the beam line, separated by suitably
chosen drift spaces. The resultant bunch train still has a substantial energy correlation,
with the higher energy bunches first and progressively lower energy bunches coming behind.
The large energy tilt is then “phase rotated”, using additional rf cavities and drifts, into a
bunch train with a longer time duration and a lower energy spread. The beam at the end
of the buncher and phase rotation section has an average momentum of about 220 MeV /c.
The proposed system is based on standard rf technology, and is expected to be much more
cost effective than the induction-linac-based system considered in Ref. [9]. A fringe benefit

of the rf-based system is the ability to transport both signs of muon simultaneously.

4. Cooling

Transverse emittance cooling is achieved by lowering the beam energy in LiH absorbers,
interspersed with rf acceleration to keep the average energy constant. Both transverse and
longitudinal momenta are lowered in the absorbers, but only the longitudinal momentum is
restored by the rf system. The emittance increase from Coulomb scattering is controlled by
maintaining the focusing strength such that the angular spread of the beam at the absorber
locations is reasonably large. In the present cooling lattice, the energy absorbers are attached

directly to the apertures of the rf cavity, thus serving the dual purposes of closing the

12



cavity apertures electromagnetically (increasing the cavity shunt impedance) and providing
energy loss. Compared with the approach used in FS2, the absorbers are more distributed,
and do not lend themselves to being located at an optical focus. Therefore, the focusing
is kept essentially constant along the cooling channel, but at a beta function somewhat
higher than the minimum value achieved in FS2. A straightforward Focus-Focus (FOFO)
lattice is employed. The solenoidal fields in each half-cell alternate in sign, giving rise to
a sinusoidal field variation along the channel. Use of solid absorbers instead of the liquid-
hydrogen absorbers assumed in FS2 will considerably simplify the cooling channel, and the
new magnet requirements are also more modest, since fewer and weaker components are
needed compared with FS2. Together, these features reduce the cost of the cooling channel
with respect to the FS2 design. Although the cooling performance is reduced, the overall
throughput is comparable to that in FS2 due to the increased acceptance built into the
downstream acceleration system. Here too, the ability to utilize both signs of muon is

available.

5. Acceleration

Parameters of the acceleration system are listed in Table II. A matching section, using
normal conducting rf systems, matches the cooling channel optics to the requirements of a
superconducting rf linac with solenoidal focusing which raises the energy to 1.5 GeV. The
linac is in three parts (see Section V B). The first part has only a single-cell 201 MHz cavity
per period. The second part, with longer period, has a 2-cell rf cavity unit per period. The
third part, as a still longer period becomes possible, accommodates two 2-cell cavity units
per period. Figure 3 shows the three cryomodule types that make up the pre-accelerator
linac.

This linac is followed by a 3.5-pass dogbone RLA (see Fig. 4) that raises the energy from
1.5 to 5 GeV. The RLA uses four 2-cell superconducting rf cavity structures per cell, and
utilizes quadrupole triplet (as opposed to solenoidal) focusing.

Following the RLA are two cascaded FFAG rings that increase the beam energy from 5
10 GeV, and 10-20 GeV, respectively. Each ring uses combined-function magnets arranged
in a triplet (F-D-F) focusing arrangement. The lower energy FFAG ring has a circumference

of about 400 m; the higher energy ring is about 500 m in circumference. As discussed in
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FIG. 3: (Color) Layouts of superconducting linac pre-accelerator cryomodules. Blue lines are the

SC walls of the cavities and solenoid coils are indicated in red. The dimension of the cryomodules

are shown in Table X and Table XI summarizes parameters for the linac.

FIG. 4: (Color) Layout of the RLA.

Section V B, an effort was made to achieve a reasonably cost-optimized design. Without
detailed engineering, it is not possible to fully optimize costs, but we have employed general
formulae that properly represent the cost trends and that were considered adequate to
make choices at the present stage of the design. As the acceleration system was one of
the dominant cost items in FS2, we are confident that the approach adopted here will
result in a less expensive Neutrino Factory facility with essentially the same performance
as calculated for the FS2 design. Achieving a higher beam energy would require additional

FFAG acceleration stages.

14



TABLE II: Main parameters of the muon accelerator driver.

Injection momentum (MeV/c) 273
Injection kinetic energy (MeV) 187
Final total energy (GeV) 20
Initial normalized acceptance (mm-rad) 30
rms normalized emittance (mm-rad) 3.84
Initial longitudinal acceptance, ApLy/m,c (mm) 150
Total energy spread, AE (MeV) +45.8
Total time-of-flight (ns) +1.16
rms energy spread (MeV) 19.8
rms time-of-flight (ns) 0.501
Number of bunches per pulse 89
Peak number of particles per bunch 1.1 x 101
Number of particles per pulse (per charge) 3 x 1012
Bunch frequency /accelerating frequency (MHz) 201.25/201.25
Average beam power (per charge) (kW) 144

6. Storage Ring

After acceleration in the final FFAG ring, the muons are injected into the upward-going
straight section of a racetrack-shaped storage ring with a circumference of 358 m. Parameters
of the ring are summarized in Table III. High-field superconducting arc magnets are used
to minimize the arc length and maximize the fraction (35%) of muons that decay in the
downward-going straight, generating neutrinos headed toward the detector located some
3000 km away:.

All muons are allowed to decay; the maximum heat load from their decay electrons is
42 kW (126 W/m). This load is too high to be dissipated in the superconducting coils. For
FS2, a magnet design was chosen that allows the majority of these electrons to exit between
separate upper and lower cryostats, and be dissipated in a dump at room temperature.
To maintain the vertical cryostat separation in focusing elements, skew quadrupoles are

employed in place of standard quadrupoles. In order to maximize the average bending field,
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TABLE III: Muon storage ring parameters.

Energy (GeV) 20
Circumference (m) 358.18
Normalized transverse acceptance (mm-rad) 30
Energy acceptance (%) 2.2
Arc
Length (m) 53.09
No. cells per arc 10
Cell length (m) 5.3
Phase advance (deg) 60
Dipole length (m) 1.89
Dipole field (T) 6.93
Skew quadrupole length (m) 0.76
Skew quadrupole gradient (T /m) 35
Bmax (m) 8.6

Production Straight

Length (m) 126

Brmax (m) 200

NbsSn pancake coils are employed. One coil of the bending magnet is extended and used
as one half of the previous (or following) skew quadrupole to minimize unused space. For
site-specific reasons, the ring is kept above the local water table and is placed on a roughly
30-m-high berm. This requirement places a premium on a compact storage ring. In the
present study, no attempt was made to revisit the design of the FS2 storage ring. For
further technical details on this component, see FS2, Ref. [9].

The footprint of a Neutrino Factory is reasonably small, and such a machine would fit

easily on the site of an existing laboratory.
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B. Beta Beam Facility

The idea of a Beta Beam facility was first proposed by P. Zucchelli in 2002 [13]. As the
name suggests, it employs beams of beta-unstable nuclides. By accelerating these ions to high
energy and storing them in a decay ring (analogous to that used for a muon-based Neutrino
Factory) a very pure beam of electron neutrinos (or antineutrinos) can be produced. As the
kinematics of the beta decay is well understood, the energy distribution of the neutrinos can
be predicted to a very high accuracy. Furthermore, as the energy of the beta decay is low
compared with that for muon decay, the resulting neutrino beam has a small divergence.

For low-Z beta-unstable nuclides, typical decay times are measured in seconds. Thus,
there is not so high a premium on rapid acceleration as is true for a Neutrino Factory, and
conventional (or even existing) accelerators could be used for acceleration in a Beta Beam
facility. Two ion species, both having lifetimes on the order of 1 s, have been identified as
optimal candidates: He for producing antineutrinos and **Ne for neutrinos.

Following the initial proposal, a study group was formed at CERN to investigate the
feasibility of the idea, and, in particular, to evaluate the possibility of using existing CERN
machines to accelerate the radioactive ions. Their study took an energy of v = 150 for
6He, which corresponds to the top energy of the SPS for this species and also matches the
distance to the proposed neutrino laboratory in the Fréjus tunnel rather well.

In the spring of 2003, a European collaboration, the Beta Beam Study Group, was formed.
Eventually, they obtained funding from the European Union to produce a conceptual design
study. Here, we take our information from recent presentations made by members of this
group [24].

The EU Beta Beam Study Group has undertaken the study of a Beta Beam facility with
the goal of presenting a coherent and realistic scenario for such a device. Their present
“boundary conditions” are to re-use a maximum of existing (CERN) infrastructure and to
base the design on known technology—or reasonable extrapolations thereof. In this sense,
the approach taken is similar to that of the Neutrino Factory feasibility studies.

For practical reasons, the Beta Beam study was included in the larger context of the
EURISOL study, due to the large synergies between the two at the low energy end. (The
EURISOL study aims to build a next-generation facility for on-line production of radioactive

isotopes, including those needed for the Beta Beam facility.)
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FIG. 5: (Color) Proposed ion source system for production of “He beam.

The basic ingredients of a Beta Beam facility are:

e Proton Driver: A 2.2 GeV proton beam from the proposed Super Proton Linac

(SPL) at CERN would be used to initiate the nuclear reactions that ultimately generate
the required beta-unstable nuclides (°He is used as the antineutrino source and ®Ne

is used as the neutrino source).

ISOL Target and Ion Source: The target system is patterned after that of the
EURISOL facility [25]. For ®He production, the target core would be a heavy metal
(mercury [26]) that converts the incoming proton beam into a neutron flux. Surround-
ing the core is a cylinder of BeO [27] that produces ‘He via the “Be(n,«) reaction. *Ne
would be produced via direct proton spallation on a MgO target [28]. The nuclides of
interest will be extracted from the target as neutral species, and so must be ionized
to produce the beam to be accelerated. The proposed ion source technology, shown in

Fig. 5, is based on a pulsed “ECR-duoplasmatron.”

Acceleration: Low energy acceleration would make use of a linac to accelerate the
nuclide of interest to 20-100 MeV /u, followed by a Rapid Cycling Synchrotron (RCS)
with multi-turn injection that would accelerate the ion beam to 300 MeV/u. This

system would feed the CERN PS with 16 bunches (2.5 x 10'? ions per bunch), which
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would be merged to 8 bunches during the acceleration cycle to v = 9. Finally, the
bunches would be transferred to the SPS and accelerated to v =~ 150, which corre-

sponds to the maximum magnetic rigidity of that accelerator.

e Decay Ring: The racetrack decay ring would have the same circumference as the SPS
(6880 m), with a long straight section, some 2500 m, aimed at the detector. At the
final energy, the lifetime of the beam becomes minutes rather than seconds. Stacking

is required to load the ring with enough ions to get an acceptable neutrino flux.

The parallels with the Neutrino Factory are obvious. The main difference between the two
types of facility is in the initial capture and beam preparation. In the Neutrino Factory, the
beam must be bunched, phase rotated, and ionization cooled. In the Beta Beam facility, the

beam must be collected, ionized, and bunched.

1. Proton Driver

The proposed proton driver for the Beta Beam facility is the SPL, a 2.2 GeV Supercon-
ducting Proton Linac [29] presently being designed at CERN to serve both the LHC and
the EURISOL facility. The machine will operate at 50 Hz and will be designed to provide
up to 4 MW of proton beam power. The present scenario is illustrated in Fig. 6. It is
anticipated that the ISOL target will require only about 5% of the proton beam power, i.e.,
about 200 kW.
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FIG. 6: (Color) Baseline layout of the SPL facility at CERN.
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2. ISOL Target and Ion Source

As noted earlier, the target for °He will use a water-cooled tungsten or a liquid-lead
core to serve as a proton-to-neutron converter. Surrounding this core will be a cylinder of
BeO, as shown in Fig. 7. In the case of *¥Ne, a more straightforward approach will suffice.
The proton beam will impinge directly on a MgO target, producing the required nuclide
via spallation. An ion source capable of producing the required intense pulses is proposed;
development work on this device (see Fig. 5) is under way at Grenoble [30]. The device uses
a very high density plasma (n. ~ 10 ¢cm™2) in a 2-3 T solenoidal field and operates at

60-90 GHz. It is expected to provide pulses of 10'2-10'% ions per bunch.

EHe and 4He

Spallation neutrons
“Be

Transter line 4
to ion source

Spallation target:
a) water-cooled W
b) liquid Ph

ISOL target (BeO) in concentric cylinder

FIG. 7: (Color) Proposed ISOL-type target for production of °He beam.

3. Acceleration

The proposed acceleration scheme is based on the existing CERN machines (PS and
SPS). Initial acceleration would be via a linac, followed by a rapid cycling synchrotron that
would be filled by multiturn injection. The RCS would provide a single bunch, 150 ns long,
at 300 MeV /u. The PS is a relatively slow machine, and this results in substantial radiation
levels due to decays while the beam energy, and hence the lifetime, is low. A rapid-cycling
PS replacement would be of considerable benefit in this regard, though it is not part of
the baseline scenario. Another idea that merit consideration is the use of a FFAG, which

perhaps could be used to accelerate muons at a latter time.
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The SPS space-charge limit at injection is another issue to deal with, and will likely
require a transverse emittance blowup to manage it. A new 40 MHz rf system will be added

to the existing 200 MHz system in the SPS to accelerate the beam to v = 150.

4. Decay Ring

The beam is transferred at full energy to a racetrack-shaped Decay Ring having the same
circumference as the SPS. The length of the decay straight section (the one aimed at the
detector) is chosen to permit about 35% of the decays to occur there. At full energy, the
lifetime is minutes rather than seconds. This allows—and also requires—the beam to be
stacked in the Decay Ring to provide the required decay intensity. The proposed stacking
technique, asymmetric bunch merging, is based on somewhat complicated rf gymnastics,
but has already been shown to work experimentally in tests [31]. An interesting possibility
that has arisen only recently is the idea of storing both °He and '®*Ne in the ring simultane-
ously. This requires that the neon beam have the same rigidity as the helium beam, which
corresponds to vy, = 250. For a detector at Fréjus, the optimum energies [32] are vg. = 60

and yye = 100.

III. BEAM PROPERTIES

The most important neutrino oscillation physics questions that we wish to address in
the coming decades require the study of v, < v, transitions in long baseline experiments.
Conventional neutrino beams are almost pure v, beams, which therefore permit the study
of v, — v, oscillations. The experiments must look for v, CC interactions in a distant
detector. Backgrounds that fake v, CC interactions, together with a small v, component in
the initial beam, account for O(1%) of the total interaction rate. This makes it difficult for
experiments using conventional neutrino beams to probe very small oscillation amplitudes,
below the 0.01 —0.001 range. This limitation motivates new types of neutrino facilities that
provide v, beams, permitting the search for v. — v, oscillations, and if the beam energy is
above the v, CC interaction threshold, the search for v, — v, oscillations. Neutrino Factory
and Beta Beam facilities both provide v, (and 7,) beams, but with somewhat different beam

properties. We will begin by describing Neutrino Factory beams, and then describe Beta
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Beam facility beams.

A. Neutrino Factory Beams

Neutrino Factory beams are produced from muons decaying in a storage ring with long
straight sections. Consider an ensemble of polarized negatively-charged muons. When the
muons decay they produce muon neutrinos with a distribution of energies and angles in the

muon rest—frame described by [33]:

d>N,, 222
—F —_— -2 1—22)P, 2
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where © = 2E,/my,, 0., is the angle between the neutrino momentum vector and the muon
spin direction, and P, is the average muon 