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After a brief introduction to the Standard Neutrino Model (S NM), the
motivation for a programme of high-precision neutrino oscllation measure-
ments is reviewed. The Neutrino Factory, an intense high-eergy neutrino
source based on a stored muon beam, is widely believed to yieh precision
and sensitivity superior to other proposed second-generan facilities. The
alternatives are identi ed and the strengths of the various options is brie y
discussed. Highlights of the exciting international R&D programmes which
are designed to demonstrate the feasibility of the requiredechniques are
then reviewed. This R&D programme, which covers all aspect®of the ac-
celerator complex, positions the Neutrino Factory communty to seek to
produce a full conceptual design of the facility by around 2Q2.

PACS numbers: 14.60.Pq, 29.20.Dh, 29.27.Eg, 29.27.Fh

1. Introduction

The Standard Model (SM) [1] has been established over the pagorty
years through a series of experiments culminating with thos at the electron-
positron colliders LEP and SLC, the Tevatron proton-antiproton collider,
and the HERA electron-proton collider. In the SM, the neutrino is described
as a massless, Dirac, fermion. The discovery of neutrino dbations [2],
a phenomenon whereby a neutrino produced in one avour eigetate is
observed in a dierent avour state after travelling some distance, implies
that neutrinos are massive and that the mass of each of the tlee neutrinos
is not the same.
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2. The standard neutrino model

The phenomenon of neutrino oscillations is readily descrigd by extend-
ing the Standard Model to include three neutrino mass eigenates; 1, »,
and 3 with massesmi; my and ms respectively [3]. The avour eigenstates,

es ,and , are obtained by rotating the mass eigenstates using the uni
tary matrix U which may be written:

U = UpsUy3Us2; 1)
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the cosines and sines of the three mixing angles,, 13, and »3 are denoted
c12 etc., and is a phase parameter. Measurements of neutrino-oscillatio
probabilities cannot be used to determine the absolute neuwino-mass scale
but, since the probabilities depend on the mass-squared dérences, m3; =
mZ m3and m2,= m3 m?2, neutrino oscillations can be used to determine
the mass hierarchy. Electron neutrinos produced in the sun mdergo elastic
scattering with electrons in the material of the sun. This, the MSW e ect [3],
modi es the e ective mass that appears in the electron neutrino oscillation
probability and has been used to determine the sign of m%,. The sign of

m3, can be determined in oscillation experiments for which the aseline is
su ciently long ( & 1000 km) and for which the neutrino energy is su ciently
high (E & 10 GeV).

Leptonic-CP violation will occur if 6 0 (and sin 13 6 0). Measure-
ments of the di erence between the oscillation probabilites for neutrinos
and anti-neutrinos can be used to determine . Such measurements require
large data sets and appropriately chosen baselines and neimo energies.
To obtain the required neutrino-interaction rate requires either a very large
detector or a very intense source (or both).

The job of the experimental neutrino community is to measureall the
mixing angles of the MNS matrix as precisely as possible, toalermine the
sign of m3; and to measure precisely m2, and m3,, and, by measuring

, to discover leptonic-CP violation if it occurs.
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2.1. The next generation of long-baseline neutrino oscilteon experiments

Data from the Sudbury Neutrino Observatory (SNO) [4, 5] and
KamLAND [6, 7] experiments, together with data from Super-Kamiokande
[8] and elsewhere have been used to determing, with a precision of around
10% and m%z with a precision of 10% 20%. The parameterssin2 23 and

m3, have been determined using atmospheric neutrino data from @per-
Kamiokande [9] and veri ed using an accelerator-based neuno source by
the K2K experiment [10]. With ve to seven years of running, the MINOS
long-baseline experiment [11, 12], which has begun to takeath will deter-
mine 23 and m3; with a precision of around 10%. The rst results from
MINOS [13] are consistent with the results obtained from theatmospheric-
neutrino experiments. The two CNGS experiments OPERA [14] ad
ICARUS [15, 16], which are designed to observe appearance and are
scheduled to start data taking in 2008, will verify aspects b the mixing
formalism outlined above. Two rst-generation super-beamexperiments,
T2K in Japan [17,18] and NO A in the US [19], are being mounted with
the objective of demonstrating that sin’2 13 is greater than zero. The T2K
experiment will start in 2009 and, after ve years of data taking, will be
sensitive to sin’2 13 down to about 0.005 at 90% C.L. NO A will yield a
comparable sensitivity. Both T2K and NO A will improve the determina-
tion of 3 and m3; to the level of a few percent after ve years of data
taking. However, neither T2K (Phase I) nor NO A will have the sensitivity
required to discover leptonic-CP violation or to deliver the precision mea-
surements of the parameters that are required for a full undestanding of
neutrino oscillations.

3. Motivation for a high-sensitivity and high-precision
neutrino programme

The experimental upper bound on the neutrino mass-scale indates that
neutrino masses are at least two orders of magnitude smallé¢han the mass
of the lightest charged fundamental fermion, the electron. Such a large
di erence may indicate that the origin of neutrino mass may be di erent to
that which generates the masses of the charged leptons andelquarks.

Measurements of the quark mixing matrix, Uckm , have shown that
Uckm Is essentially diagonal, the o -diagonal terms being very mall [1].
By contrast, the matrix elements of U all have approximately the same
magnitude. Only the elementUgs, which determines the amount of ¢ in 3,
is small. These observations may indicate that the physicshat underlies
neutrino mixing may be di erent to that which results in the m ixing among
the quarks.
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3.1. The case for sensitivity

The high-sensitivity facility must o er the best possibility of observ-
ing leptonic CP violation ( 6 0) and of determining the mass hierar-
chy (sign m%,). The optimisation of the facility depends on the value
of 13. If 13 is large (such thatsin’2 13 & 0:01) then it will have been
measured, albeit with poor precision, by T2K or NO A. In this case, the
high-sensitivity facility is required to o er the best sensitivity to and
sign ( m%,).  Electron and muon neutrino beams of modest energy
( 1020 GeV) matched to modest baselines (1000 3000 km) will be e-
quired. If 13 is small (such thatsin® ;3. 0:01) T2K and NO A are likely
to have provided an upper limit on sin? 2 13 and the facility will, in addition,
be required to have the best possible sensitivity to 13. In this case, high
energy (2040 GeV) electron and muon neutrino beams will be required,
matched to very long base lines (2000 7000 km).

3.2. The case for precision

The fundamental importance of the search for leptonic-CP wlation is
self-evident. Precision measurements of the parametersdkhgovern neutrino
oscillations are essential if a complete understanding ofhe nature of the
neutrino is to be obtained. Such measurements will either eablish the
minimal model outlined above or, by establishing parametesets inconsistent
with it, point to the existence of entirely new phenomena; fo example, the
three-generation scenario would have to be abandoned shduMiniBOONE
[20] con rm the presently unexplained LSND result [21 24].

Grand-uni ed theories typically provide relationships between the neu-
trino mixing parameters and those of the quarks. For such reltionships to
be tested requires that the precision with which the neutriro-mixing param-
eters are determined matches that with which the quark-mixng parameters
are known. At present the quark-mixing parameters are knowrat the per-
cent level. This sets the standard; the high-precision neuino oscillation
programme must deliver measurements of the neutrino oscition parame-
ters at the percent level. To achieve this goal requires higlenergy electron
and muon neutrino beams and highly sensitive neutrino detetion systems.

3.3. Possible facilities for the era of high-sensitivity ad high-precision
measurements of neutrino oscillations

Three types of facility have been proposed to provide the ndtino beams
required to serve the high-sensitivity programme. The Neutino Factory
gives the best performance over almost all of the parameterpace and is
believed to be the “facility of choice'. Second-generatiosuper-conventional-
beam experiments may be an attractive option in certain scearios [25, 26].
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A beta-beam [27], in which electron neutrinos (or anti-neutinos) are pro-
duced from the decay of stored radioactive-ion beams, in cdommation with a
second-generation super-beam, may be competitive with thdleutrino Fac-
tory [28].

Following the feasibility studies that were carried out at the turn of the
century, an international programme of R&D into the accelemtor complex
has grown up, fostered in part by the "NuFact' (Neutrino Factory, super-
beam and beta-beam) workshop series which was initiated in9P9. The
programme of hardware development, reviewed below, is noweaching ma-
turity. To put in place the facility (or facilities) require d to serve the high-
sensitivity programme requires that a conceptual design berepared by 2012
together with as broad a consensus as possible on the roadmégr its im-
plementation. A step on this road was taken at NuFactO5 with the launch
of a one-year international “scoping study' of a future Neutino Factory and
super-beam facility [29]. The objectives of the scoping stily are to [30]:

Evaluate the physics case for a second-generation superdm, a beta-
beam facility and the Neutrino Factory and to present a critical com-
parison of their performance;

Evaluate the various options for the accelerator complex wh a view
to de ning a baseline set of parameters for the sub-systemshat can
be taken forward in a subsequent conceptual-design phasendto

Evaluate the options for the neutrino detection systems wih a view
to de ning a baseline set of detection systems to be taken favard in
a subsequent conceptual-design phase.

The conclusions of the scoping study will be presented at Nw#€t06 and
published in a written report in September 2006.

4. The Neutrino Factory
4.1. Overview

At the Neutrino Factory, beams of high-energy electron and muon
neutrinos will be produced from intense stored muon beams 3. A schematic
diagram of the main sub-systems of the accelerator facilityis shown in
gure 1. The process of generating the stored muon beam stastwith the
bombardment of a suitable target with a high-power pulsed poton beam
of moderate energy ( 515 GeV). Pions and kaons produced in the target
are captured and allowed to decay to produce muons; the muonswust be
accelerated rapidly to 2040 GeV before being injected into the storage
ring. The muon beam initially occupies a very large phase sm®, making
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it necessary to develop fast, a ordable, large-aperture ameleration systems
and/or a phase-space reduction (cooling) technique that isapid when com-
pared to the muon lifetime. The feasibility of such a Neutrino Factory has
been addressed in a number of studies [32 36]. These studiég ned the

programme of R&D required to establish technological solubns for each of
the key accelerator systems.

Fig. 1. Schematic drawing showing the major sub-systems intte Neutrino Factory
accelerator complex.

It is not possible in a short article such as this to do justiceto the Neu-
trino Factory R&D programmes that are being carried out in Europe, Japan
and the US which, together, cover all aspects of the facility The following
paragraphs therefore emphasise the key elements of the pragime.

4.2. The proton-driver front-end

The Neutrino Factory proton driver is required to deliver 1 4 MW of
proton-beam power at an energy of 515 GeV in 1 ns bunches. Machines
of similar speci cation are required to drive a next generaion spallation-
neutron source, a radioactive heavy-ion facility, and to geerate intense
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“super-conventional' neutrino beams. Furthermore, higlpower proton
sources are required to serve applications such as the tramstation of nu-
clear waste. Such CW sources share many of the technologicethallenges
presented by high-power pulsed proton beams.

The activation of the accelerator elements through the los®f a fraction
of the primary beam power is the principal issue for the develpment of a
high-power proton driver. To keep the activation within acceptable limits
requires that the beam-loss rate should be no more than 1 W/md7]. To
achieve this challenging speci cation requires that the bam quality at in-
jection be exceptionally good. Several programmes aimed afeveloping the
technologies required to produce such high quality beams arunderway [38].
The programmes emphasise the front end of the acceleratarg. from the ion
source up to energies of a few MeV. For pulsed proton beams, éhdevelop-
ment of high-quality beam choppers is of particular importaxce. "Choppers'
are designed to remove unwanted bunches from the beam with 0% e -
ciency and are required if low-loss injection into accumuler or compressor
rings or clean on-o transitions are to be achieved.

Such parallel developments are a strength as they allow theharing of
expertise and information and give condence that the frontend of the
Neutrino Factory accelerator complex will be developed on @ appropriate
timescale.

4.3. Target and capture

E cient pion production may be achieved by bombarding a rod-like
high-Z material with the primary proton beam. For solid targets, fatigue
caused by beam-induced thermal shock is the principal issudat must be
addressed in the design of the target [39]. To reduce the e ¢®f shock
damage to solid targets may require that the target be replaed every beam
pulse. Several solid-target schemes have been proposed][4R free- owing
liquid-mercury-jet target is a conceptually simple altermative [40]. Shock-
induced processes cause the break-up of the jet, thereforbet jet velocity
must be chosen such that a new volume of liquid mercury is exsed to the
beam every pulse.

Two schemes have been proposed by which the particles prodedtin the
target may be captured. The rst uses high- eld solenoid magets to capture
both positive and negative particles at the same time [33]. Tie second calls
for a magnetic horn to focus either positive or negative paitles into the
subsequent transport and decay sections [35]. The horn saime has the
advantage that the focusing element closest to the target gelf is relatively
simple. The advantage of the solenoid scheme is that an e ciecy gain of
a factor of two can be achieved if the downstream acceleratocomplex is
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designed to manipulate and store * and simultaneously [34]. In each
case, signi cant engineering work needs to be carried out tensure that the
target station can be operated safely.

Particle production in the target has been studied [41]. Thaigh particle-
production models give signi cantly di erent rates and spectra, the results
indicate that a proton driver with an energy in the range 515 GeV is
likely to be suitable. In order to optimise the target and capgure system,
it will be important to bench-mark the various simulation codes against
measured particle distributions. Two experiments, HARP [2] at CERN
and MIPP [43] at FNAL have been (or are being) carried out to masure
these distributions. The HARP experiment has recently presnted results for
forward-particle production [44]. The large-angle data, vhich is expected to
be nalised soon, will be important in tuning the particle-p roduction models.

4.3.1. Characterisation of materials

The development of the conceptual design for the Neutrino Fetory tar-
get station rests on an understanding of the properties of th various pro-
posed materials under extreme conditions. Irradiation stdies of solid targets
are being carried out at BNL and at CERN [40]. These studies inkcide the
investigation of the degree to which the bombarded materiatan be annealed
by baking at high temperature. The intensity, repetition rate, and beam time
available for these studies are insu cient to simulate target exposures com-
parable to long-term (several months to a year) use at the Netino Factory.
The UK Neutrino Factory collaboration is therefore developng a technique
in which a high-current pulse is used to generate, in a samplef tantalum
wire, energy densities comparable to those expected in theeMtrino Factory
target [45]. The current-pulse technique will be used to mont a “life-time'
test. The numerical techniques needed to extrapolate thesmeasurements
to the Neutrino Factory target using LS-DYNA [46] are being developed in
parallel.

Measurements of the e ect of intense proton-beam pulses omguid mer-
cury have been carried out at BNL, and studies of the developnmé of mer-
cury jets both with and without magnetic eld have been carried out at
Grenoble and at BNL respectively [47]. For liquid-jet targets, the energy
deposited by the beam can be su cient to cause voids to be crdad in the
body of the jet by the shock-induced transient pressure wawe This process,
referred to as cavitation, is being studied experimentallyat CERN using a
high-power laser impinging on a jet of water [48]. Numericabktudies of the
passage of particle beams through mercury-jet targets havieeen developed
and now give a good description of the measured behaviour [B9
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4.3.2. The liquid-mercury-jet target

The liquid-metal option for a pion-production target capable of operating
with a multi-MW pulsed proton beam at a Neutrino Factory will be tested
in the MERIT experiment [50]. MERIT will expose a mercury jet of 1 cm
diameter and owing at 20 m/s in a 15 T solenoidal magnetic eld to an
intense proton beam from the CERN PS and is scheduled to begito take
data in 2007.

A schematic diagram of the experiment is shown in gure 2. Theproton
beam from the PS is horizontal and enters the experiment fronthe right.
The experiment is tilted so that the angle between the protonbeam and
the mercury-jet axis is 100 mrad. Liquid nitrogen will be usel to cool the
copper coils of the solenoid magnet to 80 K. The magnet, pulsewith a
5 MVA power supply, will deliver a 15 T eld for a duration of 1 s. The
mercury jet will be injected into the 15 cm diameter warm boreof the magnet
and the beam-target interaction will be recorded through vewing ports by
high-speed cameras via bre-optic cables.

Fig. 2. Schematic diagram of the MERIT experiment at the neutron time-of- ight
(nToF) facility at CERN [50].

Short bunch trains containing between one and four bunchesf® 7 102
protons will be extracted from the PS. If all four bunches are lled, a total
of 28 10 protons will impinge on the target within a 2 s spill giving a
peak energy deposition of 180 J/g. By varying the pattern of lled proton
bunches the experiment will also be able to study the e ect ofcavitation.
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4.4. lonisation cooling

The muon beam that emerges from the decay channel lls a largphase
space. For example, in US Study |l the transverse emittancetahe exit of
the decay channel is 12 mm [33]. The spread of the muons in therigitudinal
phase space is also very large (60 mm in Study I1). E cient, cost e ective,
acceleration of the muon beam requires that the phase spaces bmodi ed.
The phase-rotation and bunching systems that follow the deay channel are
required to produce a beam with an energy spread of 60 MeV which is
appropriately bunched to match the subsequent cooling seimns.

Each of the ve Neutrino Factory conceptual design studies lave con-
sidered the benet of reducing the emittance of the muon beam(cooling)
before injecting it into the acceleration and storage systes. There are two
principal motivations for this: to increase the number of mwns inside the
acceptance of the downstream accelerators; and to keep thest of the muon
acceleration system to a minimum.

At the end of the decay channel, the muons have a momentum of ughly
200 MeV/c. The time-dilated lifetime of the muon is short ( 4:7 s) making
it essential that cooling and acceleration take place as ragly as possible.
lonisation cooling, a process in which the muon beam is caudeto pass
through an alternating series of liquid-hydrogen absorbes and accelerating
RF-cavities, is the technique by which it is proposed to coothe muon beam

TABLE |

Survey of the gain a orded using ionisation cooling in a numbker of conceptual
design studies of the Neutrino Factory.

Design Number of Gain factor Cooling Comment
cooling cells per cell (%)

Study 11 [33] 26 6 7 Increase in phase-space density
in acceptance of downstream
accelerator.

Study lla [34] 26 2 2 Increase in number of muons
in acceptance of subsequent
muon acceleration section.

CERN [35] 36 10 7 Increase in muon yield at
2 GeV over optimised Neutrino
Factory without cooling.

NuFact-J [36] 152 Acceleration based on FFAGs.
Performance improvement when
absorber is included in FFAG
ring giving 6D cooling e ect.
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prior to acceleration. Various "gain factors' have been dened to quantify
the gain in performance due to the cooling channel (see Tablh. Systems
that give gain factors of between 2 and 10 have been devisedinSe a factor
of gain in stored muon-beam intensity implies a reduction, by afactor
in the running time required to achieve a particular total neutrino ux, and
a decrease in emmitance of the muon beam entering the accedéon section
is likely to lead to signi cantly lower costs for muon acceleation, it will
be important to make a careful optimisation, for performance and cost, of
the cooling and acceleration systems. The engineering demstration of the
ionisation-cooling technique will be carried out by the international Muon
lonisation Cooling Experiment (MICE) collaboration [51]. The MICE exper-
iment, which has been approved, will take place at the Rutheford Appleton
Laboratory (RAL), using muons produced by the ISIS 800 MeV poton syn-
chrotron. The status of the experiment is reviewed in the paagraphs that
follow.

4.4.1. The international Muon lonisation Cooling Experime nt

The principal components of the MICE experiment are shown ingure 3.
Two, functionally equivalent, spectrometers are placed ugptream and down-
stream of a single lattice cell of the Study Il cooling channk In the Study Il
design approximately 10'4 =s pass through the channel. The lateral dimen-
sions of the beam are such that space-charge forces can bedged making
it possible to run MICE as a single particle experiment in whch the Neu-
trino Factory bunch is reconstructed o ine using an ensemble of particles
recorded in the experiment. At the nominal input emittance of 5 =6 mm
acooling eect ( out=in 1, where o is the output emittance) of 10%
is expected. The cooling e ect will be measured with a precisn of 1%
(i.,e. (out=in 1) will be measured with an absolute precision of 0.1%).

The MICE cooling channel consists of three absorber/focuseil (AFC)
modules and two accelerating-cavity/coupling-coil (RFCQO modules. The
AFC modules each contain a 20 | liquid-hydrogen absorber inde a pair of
superconducting coils that bring the beam to a focus in the adtre of the
absorber. Liquid hydrogen is the most e cient ionisation-cooling material
because it has a large speci c ionisation and a comparativgllarge radiation
length. Safe operation of the system in the presence of liqgdihydrogen leads
to signi cant engineering constraints. The AFC modules andthe hydrogen
system each have both active and passive safety systems. Thgdrogen will
be stored in the form of metal hydride when the absorber is entfed. A
vigorous R&D programme is underway to demonstrate the safeperation of
the hydrogen system. The super-conducting coils and the ligid-hydrogen
vessel itself are refrigerated using closed-cycle “cryoders' [52].
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Fig.3. Drawing of the MICE experiment [51]. The beam enters he experiment
from the bottom left-hand corner. The beam rst passes through one of the scin-
tillator hodoscopes that form the time-of- ight system. Af ter passing through the
upstream spectrometer, the beam passes through three abdwer/focus-coil mod-
ules and two cavity/coupling- coil modules before it passeshrough the downstream
spectrometer and, a second time-of- ight hodoscope, the denstream Cherenkov
counter and is stopped in the electromagnetic calorimeter.The beamline and up-
stream instrumentation is not shown.

The RFCC module must restore the energy-lost by the muons ashey
pass through the absorber. The coupling coil, a short, largdiameter solenoid,
provides the magnetic eld that transports the muons through the module.
The acceleration is produced by four 201 MHz copper cavitiewhich produce
a gradient of 8 MV/m. To produce the required eld gradient, t he cavities
must be electrically closed, yet, to preserve the cooling ect, the amount
of material through which the beam passes must be minimisedThin beryl-
lium windows have been developed for this purpose. The degref emission
from the cavity surfaces is signi cantly enhanced by the Loentz force pro-
duced by an intense magnetic eld [53]. While reducing the dd emission
in a Neutrino Factory cooling channel, in which the cavitiesmust operate at
16 MV/m, is a challenging problem, it has been estimated thatfor operation
in MICE, the emission can be kept within acceptable bounds.

The muon beam that enters the experiment may contain a small @n
contamination. The instrumentation upstream of the cooling channel is
therefore required to distinguish pions from muons and to masure the phase
space coordinates of the muons entering the channel. Dowmsam of the
cooling channel, the instrumentation is required to identfy electrons pro-
duced in the channel by muon decays and to measure the muon pbaspace
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coordinates. The upstream particle identi cation will be performed using
a scintillator-based time-of- ight (TOF) system and a thre shold Cherenkov
counter. The TOF system will also be used to trigger the expament and
to determine the phase of the RF elds in the cavities as the mon traverses
the experiment. The upstream and downstream spectrometerare each com-
posed of a 4 T superconducting solenoid instrumented with acintillating-
bre tracking device. Downstream of the cooling channel a ral TOF sta-
tion, a Cherenkov counter and a calorimeter are used to distiguish muons
and electrons.

The MICE collaboration will take enough data to make the uncetainty
on the measured cooling e ect systematics limited. It is theefore crucial that
the systematic errors are understood in detail. To do this, he experiment
will be built up in stages. A rst measurement of cooling, usng the two
spectrometers and one AFC module, is scheduled for 2008. Thest RFCC
module and a second AFC module will then be installed and theuil MICE
cooling channel will be assembled in 2009.

The MICE experiment will be mounted on ISIS at the CCLRC Ruther-
ford Appleton Laboratory. The preparation of the MICE Muon Beam on
ISIS, the MICE Hall and the rst phase of the MICE experiment i s proced-
ing to schedule. The rst data-taking period, in which the muon beam will
be characterised, the instrumentation calibrated and the elative systematics
of the two spectrometers will be measured, will begin in Apii 2007.

4.5. Acceleration and storage

The short lifetime of the muon leads to the requirement that the accel-
eration be as rapid as possible. Past studies have considdree-circulating
linear accelerators in various topologies. More recentlyt has been proposed
that xed eld alternating gradient (FFAG) accelerators ma y o er advan-
tages [54]. Unlike conventional synchrotrons, the magnetwithin the FFAG
are not ramped with the consequence that the radius of the paicle orbit
increases during acceleration. The radial pro le of the maget pole-pieces
is carefully designed to give a eld that varies with radius ® as to produce
the same focusing e ect for all momenta. Several “scaling' FAGs, in which
the magnetic eld scales with radius, have been built in Japa [55]. The
scaling FFAG programme is reaching maturity with the machine proposed
for the PRISM experiment [56]. An alternative to the scaling FFAG is the
‘non-scaling' FFAG [57]. In a non-scaling machine the magne are stan-
dard quadrupoles or combined-function dipoles. However,he settings are
carefully optimised so as to reduce the radial displacemertdf the beam dur-
ing acceleration. An international collaboration (EMMA) i s developing a
proposal to construct a proof-of-principle non-scaling FRG [58].
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Progress has also been made in developing schemes for therage ring,
the design of which is complicated by the need to serve two or are detectors
at di erent long base-lines [59]. To fully engineer the stoage ring will require
that the power radiated from the muon beam in the form of decayelectrons
and bremsstrahlung photons be dealt with using appropriateabsorbers.

The experience gained in the construction of PRISM and EMMA ad
in the design of the storage rings themselves will be import input to a
future Neutrino Factory design study in which the cooling, acceleration and
storage systems will have to be optimised together for perfmance and cost.

5. Conclusions

A programme of precision measurement of the properties of thneutrino
is important because the measurements may lead to the discesy of CP vio-
lation in the lepton sector and of the physical principles trat explain the tiny
neutrino masses and the very large neutrino mixing angles.t is likely that
these measurements will have a profound impact in astro-ptgics and cos-
mology, well beyond the con nes of particle physics. The Netiino Factory
0 ers better sensitivity and precision than other second geeration facilities,
and the accelerator systems required are being developed by energetic in-
ternational community. The time is therefore right for the N eutrino Factory
community to take the next bold step, to produce a conceptualdesign report
by 2012. If the community is successful in establishing theanceptual design
on this timescale and the results of the present generationfa@xperiments
con rms that the Neutrino Factory is needed, then the case toexpedite the
construction of the Neutrino Factory will be very strong indeed.

| would like to thank the organisers for giving me the opportwity to
present this review. | gratefully acknowledge the help, adice, and support
of my many colleagues within the international Neutrino Fadory community
who have freely discussed their results with me and allowed ento use their
material.
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