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Foreword

This is what we said in the IDR ...
The International Design Study for the Neutrino Factory (the IDS-NF) [1] was established by the community
at the ninth “International Workshop on Neutrino Factories, super-beams, and beta-beams” which was held in
Okayama in August 2007 [2]. The IDS-NF mandate is to deliver the Reference Design Report (RDR) for the
facility on the timescale of 2012/13 [3]. The RDR is conceived as the document upon which requests for the
resources to carry out the first phase of the Neutrino Factory project can be made. The RDR will include: the
physics performance of the Neutrino Factory and the specification of each of the accelerator, diagnostic, and
detector systems; an estimate of the cost of the facility; and an estimate of the schedule for its implementation.
The RDR will also include a discussion of the remaining technical risks and an appropriate risk-mitigation plan.

vii



viii



Executive summary

Lead author: KL
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1 Introduction

The properties of the neutrino make it a unique tool for the study of fundamental physics. Alone among the
fundamental fermions, the neutrino has no electric charge; it interacts solely via the weak force. The mass of
the neutrino is tiny compared to the mass of all the other fundamental fermions. With no electric charge, it
is possible that the neutrino and its antiparticle are the same, i.e. the neutrino is a “Majorana” fermion. The
observation of the decay of a nucleus to two electrons or two positrons without any accompanying neutrinos
(neutrinoless double-beta decay) would imply that the neutrino is Majorana in nature. In the Universe of today,
the abundance of neutrinos is second only to that of photons. The weakness of the neutrino interaction with
matter allows the neutrino to travel great distances through the Universe, thereby playing an important role in
the evolution of the cosmos. Historically, the study of neutrino interactions has been seminal in the development
of the Standard Model (SM) of particle physics. The recent discovery that the flavour of a neutrino changes as it
propagates through space and time, a phenomenon known as “neutrino oscillations”, provides the germ for the
development of a deeper understanding of the physics of fundamental particles and the impact of the neutrino
on the evolution of the Universe. However, the fact that neutrinos interact only weakly with matter means that
novel techniques must be developed to provide data sets of the quality and size required to study the details
of neutrino oscillation. The Neutrino Factory described in this report employs a novel accelerator complex to
generate high-energy neutrino beams of uniquely well-defined flux and flavour composition from the decay of
muons confined within a storage ring.

Neutrino oscillations may be described as arising from the “beating” of the phase of neutrino-mass eigenstates
in the propagation of a neutrino produced as an eigenstate of flavour. The three flavour eigenstates, νe, νµ,
and ντ may be written as linear superpositions of the mass eigenstates, ν1, ν2, and ν3. To describe neutrino
oscillations, the matrix by which the neutrino mass basis is rotated into the neutrino flavour basis is usually
parameterised in terms of three mixing angles (θ12, θ23, and θ13) and one phase parameter (δ) [4–7]. The
measured values of the neutrino-mixing angles are large, much larger than those observed in the quark sector.
If δ is non-zero, the symmetry between the properties of matter and antimatter will be broken via the neutrino
mixing matrix. Measurements of neutrino oscillations are not sensitive to the neutrino masses themselves, but
may be used to determine the mass-squared differences ∆m2

31 = m2
3 −m2

1 and ∆m2
21 = m2

2 −m2
1. The sign

of ∆m2
31 determines the neutrino mass hierarchy; the “normal hierarchy” (NH) refers to the case in which the

mass eigenstate ν3 is heavier than the other two neutrinos while the case in which ν3 is lighter than the other
two is refereed to as the “inverted hierarchy” (IH). While the mixing angles, the magnitude of the mass-squared
differences and the sign of ∆m2

21 have been determined, the sign of ∆m2
31 is unknown and the CP-violating

phase, δ, is at present essentially unconstrained.

The introduction of neutrino mass requires that the SM be extended. As a minimum, a right-handed neutrino
state must be added to accompany the left-handed state. The tiny neutrino mass, so different from those of
the other fundamental fermions, hints that the mechanism responsible for neutrino mass is different to the
Higgs mechanism by which the quarks and charged leptons acquire mass. To explain, rather than describe,
neutrino oscillations requires a theory of the physics of flavour that accommodates the patterns in the observed
properties of the fundamental fermions as well as the ways in which the properties of the neutrino differ from
those of the quarks and charged leptons. Theories have been constructed in which the patterns observed within
a generation are explained by assigning the fermions to a representation of a large symmetry group (Grand
Unified Theories, GUTs) and the patterns observed in between or across generations are explained by assuming
“family symmetry”. Such theories admit an explanation of the tiny neutrino mass and the large neutrino-mixing
angles. The “see-saw mechanism”, arguably the most attractive scheme to explain the tiny neutrino mass,
requires the introduction of extremely heavy, Majorana neutrinos. Such heavy Majorana neutrinos would not
feel the weak force—i.e. they would be “sterile neutrinos” incapable of interacting directly with ordinary matter.
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Through the see-saw mechanism the properties of the neutrino may be related to physics at extremely large
energy scales beyond the reach of present, or realistic future, energy-frontier accelerators. Moreover, in see-saw
models, if the heavy Majorana neutrinos are abundant in the early Universe and if the heavy neutrinos decay
preferentially to matter fermions, then the lepton-number asymmetry generated in the heavy-neutrino decay
would be converted into a baryon asymmetry during the electroweak era. Detailed and precise measurements
of the properties of the neutrino are essential for the fascinating particle physics and cosmological phenomena
outline above to be elucidated.
Lead author: KL
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2 Physics at the Neutrino Factory

2.1 The physics case for advanced neutrino experiments

The unambiguous observation of neutrino oscillations is arguably the most significant development in particle
physics of the past two decades [8]. It revealed, beyond reasonable doubt, that neutrinos have mass and that
leptons mix. Neutrino masses are not accounted for in the Standard Model of particle physics. It is not hard
to modify the Standard Model Lagrangian to accommodate neutrino masses [9]. Indeed, one can write down
several different “Standard Neutrino Model” (SνM) Lagrangians that render neutrinos massive that are consis-
tent with the available data. The candidates for the SνM introduce various new degrees of freedom at a variety
of energy scales (from below the electron-Volt scale all the way to the Grand Unification scale). Part of the
mission of particle-physics experiments in the next few decades will be to elucidate the mechanism by which
neutrino mass is generated. The next generation of neutrino experiments will represent a moderate extension
of existing techniques. This makes them technologically attractive, since the technical risks are relatively low,
but also limits their physics sensitivity. To exploit to the full the discoveries made to date in neutrino physics,
advanced neutrino experiments, based on novel technologies, are required. The Neutrino Factory is the ulti-
mate advanced neutrino oscillation facility. In this section, the scientific case for advanced neutrino oscillation
experiments in general and of the Neutrino Factory in particular is reviewed.

While the mechanism behind neutrino-mass generation remains unknown, a very successful phenomenolog-
ical description exists. It considers the existence of three massive neutrinos ν1, ν2, and ν3 with masses m1, m2,
and m3, respectively. These mass eigenstates are linear combinations of the “active” neutrino flavours, νe, νµ,
and ντ , labelled according to the way they interact with the W -boson and the charged-leptons, e, µ, and τ . One
can pick a weak-basis in which neutrinos with a well-defined flavour are related to neutrinos with a well-defined
mass via the unitary lepton mixing matrix U : να = Uαiνi (α = e, µ, τ , i = 1, 2, 3). It is customary to define
the neutrino masses as follows: m1 < m2 while m3 is either the heaviest or the lightest neutrino. To identify
m3, |m2

3 −m2
1| and |m2

3 −m2
2| are evaluated and the smaller combination is chosen such that it is larger than

m2
2 −m2

1. With the masses labelled in this way, m3 > m2 if m2
3 −m2

1 is positive and m3 < m1 if m2
3 −m2

1

is negative. Note that ∆m2
21 = m2

2 −m2
1 is a positive-definite quantity, while ∆m2

31 = m2
3 −m2

1 is allowed
to have either sign. It is also customary to refer to the spectrum m3 > m2 > m1 as “normal”, in which case
∆m2

31 > 0, while the m2 > m1 > m3 spectrum is referred to as “inverted,” in which case ∆m2
31 < 0. Once

the neutrino mass eigenstates are properly defined, it is also customary to parametrise U as prescribed in the
Particle Data Book [10]. The neutrino mixing angles (θij) are related to the mixing-matrix elements by:

|Ue2|2

|Ue1|2
≡ tan2 θ12;

|Uµ3|2

|Uτ3|2
≡ tan2 θ23; and Ue3 ≡ sin θ13e

−iδ; (1)

where δ is the CP-odd, “Dirac”, phase. Two other CP-odd phases might be required to complete the parametri-
sation of U if the neutrinos are Majorana fermions. However, these “Majorana” phases can not be observed
in neutrino oscillations and will henceforth be ignored. Neutrino-oscillation data are sensitive to the neutrino
mass-squared differences, the values of the mixing angles θ12, θ13, θ23, and δ. The experimental results can
be succinctly and accurately described by the oscillation of three active neutrinos. For the mass splitting we
reach errors of a few percent; however, for all of the mixing angles and the CP phase the errors are in the
10-30% range, see e.g. Ref. [11]. Therefore, while three-flavor oscillation is able to describe a wide variety
of experiments, it would seem premature to claim that we have entered the era of precision neutrino physics
or that we have established the three-flavor paradigm at a high level of accuracy. This is also borne out by
the fact that there are significant hints at short baselines for a fourth neutrino [12]. Also, more general, so-
called non-standard interactions are not well constrained by neutrino data; for a recent review on the topic see
Ref. [13].
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Two of the three mixing angles are large, in stark contrast to the quark-mixing matrix, in which all mixing
parameters are either small (sin θc ∼ 0.23, where θc is the Cabibbo angle) or very small (|Vub| ∼ 0.004). In
the neutrino sector, three parameters remain unknown or only poorly constrained: the sign of ∆m2

31; δ. At
the time of the writing of the interim design report θ13 was still unknown, now it has been determined to be
large and has been measured to within 10% in sin2 θ13 [14–16]. This gives existing experiments like T2K [17]
and Noνa [18] a chance to determine, in combination, the mass hierarchy. Also new, dedicated experiments
like PINGU [19] using atmospheric neutrinos or Daya Bay II [20] using neutrinos from a reactor have a high
likelihood to measure the mass hierarchy on a 5-10 year timescale. On somehwat longer timescale LBNE [21]
is certain to measure the mass hierarchy. It is also expected that the precision with which |∆m2

31| and sin2 2θ23
are known will improve significantly. Even under these conditions, it is widely anticipated that by the end
of the current decade we shall have no information regarding whether CP-invariance is violated in neutrino
interactions (δ 6= 0, π).

To complete our knowledge of the parameters that describe neutrino oscillations, the goals of advanced
experiments must be:

• To search for CP-invariance violation in neutrino oscillations by seeking to measure the CP-odd phase δ;

• To establish whether the neutrino-mass spectrum is normal or inverted by determining the sign of ∆m2
31;

• To measure as precisely as possible all the oscillation parameters.

The search for CP-invariance violation in neutrino oscillations provides a unique opportunity to further our un-
derstanding of CPx-invariance. Experiments have demonstrated that the CP-odd phase of the quark mixing ma-
trix, δCKM, controls all CP-invariance violation in the quark sector. The past generation of neutrino-oscillation
experiments has revealed that there is at least one more CP-violating parameter in the lepton mixing matrix, δ.
In practise, δ can only be observed in neutrino oscillation experiments and an advanced neutrino experiment is
required to explore this new window into CP-invariance violation.

Once one realizes that the current error bars are uncomfortably large, the next question is: how well do we
want/need to determine the various mixing parameters? The answer can be given at two distinct levels. One is a
purely technical one – if I want know X to a precision of x, I need to know Y with a precision of y; an example
is, where Y is given by θ13 andX could be the mass hierarchy. The answer, at another level, is driven by theory
expectations of how large possible phenomenological deviations from the three-flavor framework could be. In
order to address the technical part of the question, one first has to define the target precision from a physics point
of view. Guidance from other subareas of particle physics reveal that the “target precision” evolves over time.
For example, history shows that theoretical estimates of the top quark mass from electroweak precision data and
other indirect observable, before its eventual discovery, seem to have been, for the most part (and with very large
uncertainties), only several GeV ahead of the experimental reach – at the time, there always was a valid physics
argument for why the top quark is “just around the corner.” A similar “evolution” of theoretical expectations
can be observed in, for example, searches for new phenomena in quark flavor physics. Thus, any argument
based on model-building-inspired target precisions is always of a preliminary nature, as our understanding of
models evolves over time. With this caveat in mind, one argument for a target precision can be based on a
comparison to the quark sector. Based on a theoretical guidance from Grand Unification, one would expect that
the answer to the flavor question should find a concurrent answer for leptons and quarks. Therefore, a test of
such a models is most sensitive if the precision in the lepton and quark sector is comparable. For instance, the
CKM angle γ, which is a very close analog of δ in the neutrino sector, is determined to (70.4+4.3

−4.4)
◦ [22] and

thus, a precision target for δ of roughly 5◦ would follow.
A different argument for a similar level of precision can be made based on the concept of so-called neutrino

sum-rules [23]. Neutrino sum-rules arise, for example, in models where the neutrino mixing matrix has a certain
simple form or texture at a high energy scale and the actual low-energy mixing parameters are modified by a
non-diagonal charged lepton mass matrix. The simplicity of the neutrino mixing matrix is typically a result of a
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flavor symmetry, where the overall Lagrangian possesses an overall flavor symmetryG, which can be separated
into two sub-groups Gν and Gl for the neutrinos and charged leptons; it is the mismatch between Gν and Gl
which will yield the observed mixing pattern, see e.g. [24]. Typical candidates for G are given by discrete
subgroups of SU(3) which have a three dimensional representation, e.g., A4. In a model-building sense, these
symmetries can be implemented using so-called flavon fields which undergo spontaneous symmetry breaking
and it is this symmetry breaking which picks the specific realization ofG, for a recent review see [25]. The idea
of flavor symmetries is in stark contrast to the idea that neutrino mixing parameters are anarchic, i.e. random
numbers with no underlying dynamics, for the most recent version of this argument, see Ref. [26]. To find out
whether the patterns observed in lepton mixing correspond to an underlying symmetry is one of the prime tasks
of neutrino physics. Of course, distinguishing among the many candidate underlying symmetries is also a very
high priority.

In practice, flavor symmetries will lead to relations between measurable parameters, whereas anarchy will
not. For example, if the neutrino mixing matrix is of tri-bi-maximal form, |Ue3| = 0 is naively expected to
vanish, which is clearly in contradiction to observations. In this case, a non-diagonal charged lepton mass
matrix can be used to generate the right value of |Ue3|, and, for one concrete model, the following sum-rule
arises

θ12 − θ13 cos δ = arcsin
1√
3
, (2)

which can be tested if sufficiently precise measured values for the three parameters θ12, θ13, δ are available.
Depending on the underlying symmetry of the neutrino mixing matrix different sum-rules are found. In Fig. 1
several examples are shown and for each case the values of θ13 and θ12 or θ23 are drawn many times from a
Gaussian distribution where the mean values and ranges are taken from Eq. ??. The resulting predictions of the
value of the CP phase δ are histogramed and shown as colored lines. The width of the distribution for each sum-
rule arises from the finite experimental errors on θ12 or θ23 and θ13. Two observations arise from this simple

0 50 100 150

predicted value of ∆CP @éD

Θ12=35°+Θ13cos∆

Θ12=45°+Θ13cos∆

Θ12=32°+Θ13cos∆

Θ23=45°+ 2 Θ13cos∆

Θ23=45°-1� 2 Θ13cos∆

current errors

3% on sin22Θ13

0.7% on sin2
Θ12

1% on sin22Θ23

current best fit values and errors

for Θ12, Θ13 and Θ23 taken from

Fogli et al. 2012

15é

Figure 1: Shown are the distributions of predicted values from δ from various sum-rule as denoted in the
legend and explained in the text.
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comparison: first, the distance of the means of the distributions is as small as 15◦, and second, the width of the
distributions is significant compared to their separation and a reduction of input errors is mandated. The thin
lines show the results if the errors are reduced to the value given in the plot, which would be achieved by Daya
Bay for sin2 2θ13, by Daya Bay II for sin2 θ12, and by NOvA for sin2 θ23. Assuming that the errors on θ12, θ23
and θ13 are reduced to this level, the limiting factor is the natural spread between models, which is about 15◦.
A 3σ distinction between models translates into a target precision for δ of 5◦. A measurement at this precision
would allow to obtain valuable information on whether indeed there is an underlying symmetry behind neutrino
mixing. Moreover, it is likely to also provide hints regarding which specific class of symmetries is realized.
This would constitute a major breakthrough in our understanding of flavor.

High-precision measurements of neutrino oscillations are required to test whether the origin of neutrino mass
is also the origin of the baryon asymmetry of the Universe, through leptogenesis [27, 28]. Several indirect
generic predictions of leptogenesis can be verified with neutrino experiments: neutrinos are expected to be Ma-
jorana fermions, and it is expected, quite generically, that neutrino oscillations violate CP-invariance, even if
no model independent relation between “high-energy” and “low-energy” CP-invariance violation exists. Quan-
titative tests are all model dependent and will rely on very precise measurements in neutrino oscillations and
elsewhere. For example, precise measurements of oscillation parameters could validate a specific flavour model,
which allows one to relate “high-energy” and “low-energy” parameters. Furthermore, discoveries at collider
experiments and searches for charged-lepton flavour violation may provide other hints that render leptogenesis
either “very likely” or “most improbable” [29]. We are very far from testing leptogenesis conclusively, but
precise measurements of all neutrino oscillation parameters – far beyond where we are now – are a conditio
sine qua non.

Precision measurements of the oscillation parameters are also required to confirm or refute with confidence
the current three-active-neutrino formalism. Ultimately, one aims not only at constraining the mixing-parameter
space, but also at over-constraining it. Several important questions need to be addressed:

• Are there really only three light neutrinos and is U a unitary matrix?

• Are there other neutrino interactions? And,

• Is there only one source of CP-invariance violation in the neutrino sector?

While our understanding of the neutrino has increased tremendously over the past decade, we are far from
providing a satisfactory answer to any of these questions. In this respect, our understanding of the lepton-
flavour sector is far behind our understanding of the quark-flavour sector.

Some manifestations of new physics are best investigated with neutrino oscillation experiments. For example,
the search for light sterile neutrinos which may be related to the origin of neutrino masses. Sterile neutrinos
can be detected via the observation of new oscillation frequencies and mixing angles. Tests of the unitarity
of the lepton-mixing matrix may also point to new “neutrino” degrees of freedom that are too heavy to be
seen in oscillation experiments. Neither of these phenomena can be studied outside of neutrino oscillation
experiments. Other new-physics ideas to which measurements of neutrino oscillation are uniquely sensitive are
related to physics at the electroweak scale, including new four-fermion neutrino interactions (of the current–
current type, ∝ (ν̄αΓνβ)(f̄Γ′f), where f is a charged fermion). Some of these possibilities will be discussed
in more detail later in this section. Indeed, non-standard neutrino interactions are often used as proxies for the
discussion of the sensitivity of neutrino-oscillation experiments to new physics.

In many candidate new-physics scenarios, a combination of different experimental probes will be required in
order to piece together a more fundamental description of how nature works at the smallest distance scales. In
addition to studies of neutrino flavour-change, these include collider experiments (for example, the LHC and
a next-generation lepton collider), searches for charged-lepton flavour violation in the muon and tau sectors,
searches for the permanent electric dipole moments of fundamental particles, including the electron and the
muon, searches for lepton-number violation, especially searches for neutrinoless double-beta decay, and direct
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and indirect searches for dark matter. In many new-physics scenarios, in particular when it comes to identifying
the physics responsible for neutrino masses, advanced neutrino oscillation experiments are guaranteed to play
a leading role.

Neutrino experiments have proved, over the past few decades, that our ability to predict what will be detected,
and to identify what are the important questions, is limited at best. It is safe to state, however, that a Neutrino
Factory, combined with a multi-kTon detector at an underground facility, offers a unique and powerful tool
for the study of fundamental physics. In order to prepare for the unexpected, it is vital that advanced set-
ups be versatile and multifaceted. The Neutrino Factory fits the bill. In addition to providing the neutrino
beams required for the definitive, precision neutrino-oscillation programme, the Neutrino Factory also provides
an ideal environment in which to study a variety of other phenomena. The well-characterised neutrino beam
from the muon storage ring allows a programme of extremely precise neutrino scattering measurements to be
carried out at a near detector, including studies of neutrino flavour-change at very short baselines and precision
measurements of neutrino scattering on nucleons [30] and electrons [31]. The latter allow for uniquely sensitive
tests of the electroweak theory.

Activities not directly related to neutrino physics can also be addressed at a Neutrino Factory complex.
The availability of a large number of muons allows one to consider new set-ups for searching for rare muon
processes [32], especially µ → e conversion in nuclei, and for measurements of the electroweak properties of
the muon, including the muon electric and magnetic dipole moments. The availability of a large number of
protons—used to make the muons for the storage ring—allows one to consider a suite of hadronic experiments
including, for example, those required to study very rare kaon phenomena (K → πν̄ν, K → πµ±e∓, K+ →
π−`+`′+, etc). At the opposite end of the neutrino beam, the very large detector complex also serves many
purposes. Depending on the location and composition, very large detectors can be used to study naturally
occurring neutrinos—especially the atmospheric neutrinos and, perhaps, neutrinos from Supernova explosions.
Finally, the large instrumented volumes can be used for searching for proton decay. Indeed, the Kamiokande
and IMB experiments were originally constructed to look for proton decay, stumbled upon atmospheric neutrino
oscillations, and observed neutrinos produced in supernovæ along the way.
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Figure 2: A diagram of the neutrino factory accelerator facility.

3 The Neutrino Factory Accelerator Complex

Lead authors: JSB, JPa
The goal of the accelerator facility is to produce 1021 neutrino decays per year from decays of a 10 GeV

muon beam. These neutrinos are directed toward a detector at a distance of approximately 2000 km. We first
give a short overview of the facility, and then individual subsections will describe the stages in more detail.

The facility begins with a high power proton driver that produces an intense pulsed proton beam. This beam
hits a target that produces pions, which then decay into muons. These muons (in the “front end”) are manipuled
in phase space to produce a train of muon bunches. This bunch train is then accelerated to 10 GeV and injected
into a decay ring. The decay ring contains long straights wherein the muons decay into neutrinos, producing
the desired neutrino beam.

The proton driver delivers a 4 MW proton beam to the target. This power is required to produce sufficient
pions to give us the desired number of neutrino decays. The beam must be sufficiently small to avoid significant
reduction in production in the target and capture by the front end. Each proton driver pulse can supply up to 3
bunches; these bunches must be spaced sufficiently to allow them to be accelerated indivudally. More bunches
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from the proton driver would result in more bunch trains than would fit in the decay ring. We do not specify
precisely how we would build a proton driver, since this depends strongly on the existing infrastructure at the
laboratory where one would build a neutrino factory. Instead, we present descriptions of how an acceptable
proton driver could be built at a couple different laboratories.

The target is a mercury jet. The large atomic number in mercury gives good pion production. Mercury is used
since a solid target would likely be damaged by the high proton driver power used here. The target is within
a high field solenoid, which allows the capture of both muon signs, and has a large angular acceptance. That
solenoid field tapers down as the pions go downstream and begin to decay. A chicane with an absorber at the
end is inserted to remove particles other than pions and muons, reducing energy deposition in the downstream
systems.

Following the chicane, the remaining pions decay into muons. This is followed by a “Neuffer” buncher and
phase rotation, which turns the large energy spread muon beam into a bunch train with a relatively small energy
spread. The transverse emittance of this bunch train is then reduced by an ionization cooling channel. The goal
of these latter two systems is to create a beam that can be readily accelerated.

The beam is accelerated in three stages in attempted to optimize the acceleration in each energy range. The
first stage is a linac accelerating to 0.8 GeV. The subsequent two stages, accelerating to 2.8 and 10 GeV, are
4.5-pass recirculating linear accelerators (RLAs). The use of multiple linac passes in the RLAs increases the
acceleration efficiency.

The 10 GeV muon beam is injected into a decay ring. The decay ring has long straights, one of which is
pointed toward a detector 2000 km away. The straights are kept long compared to the arcs to ensure that a
large fraction of the neutrino decays are toward the far detector. The beam in the straights has a small angular
divergence (and therefore a large size) to reduce the uncertainty in the neutrino flux.

3.1 Proton Driver

3.2 Target

Lead authors: KTM
The Target System of the Neutrino Factory is considerably more than the target for the primary proton beam.

It includes a high-field solenoid-magnet string for capture of low-energy pions from the target, as well as the
infrastructure to house and support the target and capture magnets. Because of the high levels of activation of
materials in the Target System, it includes substantial radiation shielding, and remote-handling capability.6

Early visions [33] of a target system for a Muon Collider considered (pulsed) toroidal collection (with a
Li lens, as at a p̄ source), which is limited to one sign of charged particles, and has not been demonstrated
for the 50-Hz repetition rate specified for a Neutrino Factory. Pion collection with DC solenoid magnets was
proposed in 1995 [34] and has since been the baseline concept. An additional advantage of solenoidal capture
in a high-field magnet is that longitudinal-transverse emittance exchange occurs as the field strength decreases
adiabatically along the capture channel [35], which provides initial transverse cooling of the secondary pions
(at the expense of longitudinal heating). Issues of survival of a solid target in a 4-MW proton beam with≈ 2-ns
pulses led to consideration of a free-mercury-jet target [36], now the baseline. Physics feasibility of a mercury-
jet target in a strong solenoid field and intense proton pulses was demonstrated in the MERIT experiment at
CERN [37].7

6The Final-Focus System of the primary proton beam may or may not be considered as part of the Target System. Also, the string
of magnets in the Pion-Decay Channel prior to the Buncher will experience very high radiation loads, so from a technology perspective
they are part Target System, although they are described in this document as part of the Front End.

7The MERIT experiment did not utilize a continuous-flow of mercury, which has been demonstrated at the Target System of the
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Optimisation of particle production at fixed proton-beam power for maximal output of the Neutrino Factory
[39] leads to various requirements on the proton driver (Table 1), and on the configuration of the Target System.
Useful (low-energy) pion yield from the Hg target peaks at 8 GeV, which is taken to be the baseline value.
The desired low-energy pions emerge from the side of the target, which favors a small proton-beam radius,
and leads to the (demanding) requirement of geometric transverse emittance of 5 µm for the proton beam. The
requirement of short proton bunches (1-3 ns) is based on the need for efficient capture of the secondary beam
into rf bunches, so is not strictly a requirement by the Target System.

Table 1: Requirements on the Proton Driver from the Target System. Some parameters correspond to an 8 GeV
beam energy.

Parameter Value
Kinetic energy 5–15 GeV
Average beam power 4 MW

(3.125× 1015 protons/s)
Repetition rate 50 Hz
Bunches per train 3
Total time for bunches 240 µs
Bunch length (rms) 1–3 ns
Beam radius 1.2 mm (rms)
Rms geometric emittance < 5 µm
β∗ at target ≥ 30 cm

Pion production is maximized when the radius of the jet target is about 3 times that of the proton-beam rms
radius, and the proton beam and target have a small tilt with respect to the axis of the capture-solenoid capture.
The latter implies that the primary proton beam does not point into the Decay Channel, but off to the side of
the Target System, where the mercury-collection pool serves as the beam dump.8 The proton beam will disrupt
the liquid target over most of its effective length (≈ 2 interaction lengths = 30 cm), so the requirement to have
a fresh region of the jet at the target at 50 Hz implies the jet velocity must be 20 m/s (which also implies that
gravitational curvature of the jet is negligible).

Useful particle production is higher for higher peak magnetic field in the Target System, and 20 T is taken as
the baseline value. This is beyond the capability of a Nb-based superconducting magnet, so a hybrid magnet
with a 15-T Nb3Sn outer coil and a 5-T Cu inner coil is specified. Such a hybrid magnet (with 45 T peak field)
has been constructed at the NHMFL [40].

The magnetic field in the target system “tapers” down from the peak of 20 T to 1.5 T in the Decay Channel
that begins 15 m from the target.

The requirement of dissipation of the 4-MW proton-beam power inside the Target System is a major driver
of the system design. Radiation damage to magnet conductors, particularly to organic insulation, limits their
useful lifetime to ≈ 10 years of 107 operational seconds if the energy deposition by secondary radiation is 0.1
mW/g [41] (sometimes called the ITER limit). Simulations of energy deposition by FLUKA and MARS codes
indicate that the inner radius of superconducting coils near the target must be 1.2 m to satisfy the ITER limit,
via internal radiation shielding by He-gas-cooled tungsten beads. This large radius implies the magnets of the
Target System would have a stored energy of ≈ 3 GJ, comparable to that of the ITER Central Solenoid [42]
and the CMS central solenoid [43].

The 5-T Cu coil insert would experience much larger radiation dose, such that organic insulation could not

SNS at ORNL [38].
8Mitigation is required of splashes in this pool due to the entering mercury jet and the noninteracting part of the proton beam.
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be used; rather a MgO-insulated conductor is required, as developed at KEK [44].
Some 15% of the proton-beam energy is transported into the Decay Channel, mostly via scattered beam

protons (and protons from nuclear breakup in the target). This requires mitigation via a chicane in the Decay
Channel, and implies that the magnets in this channel must also be designed for high radiation dose, as in the
Target System.

A vertical section of the Target System is shown in Fig. 3, and the target region, with the 20-T hybrid capture
solenoid is shown in more detail in Fig. 4. This magnet module weighs ≈ 200 tons, which sets the scale for the
infrastructure required for the Target System.

Figure 3: Vertical section of the three magnet modules of Target System (which nominally ends at z = 1500

cm) and the first two modules of the Decay Channel.

Figure 4: View of the 200-ton 20-T capture solenoid, with internal shielding by tungsten beads. The free-
mercury jet target and the proton beam are tilted with respect to the magnetic axis, and impinge on the mercury-
collection pool that also serves as the proton beam dump.

3.3 Front End

The Neutrino Factory muon front-end captures pions produced on the target by means of a pion decay channel
and particle selection system followed by a longitudinal drift to an adiabatic buncher, energy-phase rotation
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system and ionisation cooling channel. Subsequently the beam enters the muon accelerator chain. A schematic
of the front end is shown in fig. 5.

The present design is based on the lattice presented in the Neutrino Factory Study 2A report [45] and sub-
sequently developed in the International Scoping Study for a Neutrino Factory (ISS) [46] and EuroNu design
report [? ].
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Figure 5: Schematic diagram of the muon front end.

3.3.1 Baseline Overview

Pions are captured in a solenoidal field that tapers adiabatically from 20 T to 1.5 T while the beam pipe radius
increases from 0.075 m to 0.30 m over a distance of about 15.0 m. A large transverse phase space of both
positively and negatively charged particles with a large energy spread is captured in the solenoidal field.

A chicane follows at 19.0 m, consisting of a 5.0 m outward bend followed by a 5.0 m reverse bend. Each
bend has bending angle of 12.5o and radius of curvature of 22.9 m, with the bending field made using a 1.5 T
toroidal solenoid. The chicane is designed to remove particles with momentum above 500 MeV/c. A 0.1 m
long Beryllium plug is placed after the chicane to range out low energy protons that remain in the beam.

The beam continues in the 1.5 T field for another 40.9 m with no RF, giving rise to a time-energy correlation.
The beam then passes through 44 RF cavities, each of which has frequency selected to be synchronous with
particles in the beam despite the growing separation due to time of flight variation with energy. Cavities are
0.5 m long and each is separated by 0.25 m vacuum. The voltage of each cavity is higher than the previous to
enable a pseudo-adiabatic formation of a bunch train. This leads to cavities with frequencies of 358.92 MHz at
the start to 235.40 MHz at the end of the buncher and gradients up to 11.904 MV/m.

Once the voltage has reached its nominal peak value and bunches have formed, the cavities are slightly
dephased so that fast muons at the head of the bunch experience a decelerating phase and slow muons at the tail
of the bunch experience an accelerating phase. The phase is chosen so that the head bunch and tail bunch have
the same energy when the bunch frequency is 201.25 MHz, with a gradient of 13.0 MV/m used throughout the
energy-phase rotation system.

Subsequently the beam enters an ionisation cooling channel. The muons are passed through an absorber
reducing both transverse and longitudinal momentum. They are then reaccelerated in an RF cavity, replacing
momentum in only the longitudinal direction resulting in a reduction of transverse emittance. Multiple Coulomb
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scattering and energy straggling tend to create noise counteracting the emittance reduction. A low-Z material
is chosen for the absorber to minimise these effects.

The beam is matched from the constant 1.5 T field to a field that alternates from +2.8 T to -2.8 T with a
period of 0.86 m. Cooling modules are grouped into a series of 5 RF cavities separated by a vacuum region.
Superconducting coils are placed between each RF cavity to provide the alternating field. Each RF cavity has
a length of 0.5 m, with 9 mm thick, Beryllium-coated Lithium Hydride windows that perform the ionisation
cooling and additionally provide an electromagnetic seal to the cavity improving the real estate gradient. The
RF cavities operate at 16 MV/m and 35o phase, with a frequency of 201.25 MHz. Each 5-cavity assembly is
followed by a magnetic cell with no RF cavity, allowing space for bellows and other equipment.

3.3.2 Capture Performance

The capture performance of the muon front end is shown in fig. 6. Overall, 0.066 good µ+ are captured per
8 GeV proton on target. Muons are considered to be good if they fall within a momentum range of 100 to
300 MeV/c, a normalized transverse 4D amplitude of 30 mm and a longitudinal 2D amplitude of 150 mm. This
is considered to be the nominal acceptance of the accelerator system.

In 2D, normalized amplitude is a2mc/(βp), where a is the transverse size of the matched phase space ellipse
on which the particle lies, m is the particle mass, β is the Courant-Snyder beta function, and c is the speed of
light. The normalized transverse 4D amplitude is the sum of the horizontal and vertical transverse amplitudes,
modulo correlations. The normalized longitudinal amplitude is the equivalent quantity for the longitudinal
plane, which is approximately (∆E)(∆t)/(mc), where ∆E is the energy difference from the average momen-
tum, and δt is the time difference from the average time (where all bunches are aliased onto a single bunch).
The calculation used for this study is more formally defined in [? ].

A rapid loss of particles from the good region after 20 m can be attributed to the effect of the proton absorber.
The number of particles within the good region increases rapidly in the phase rotator, with a more leisurely rise
in the ionisation cooling section.

3.3.3 Activation of Components

Energy deposition has been identified as a serious issue in the muon front end, and a particle selection system
has been designed to constrain the majority of hadronic losses in an active handling area near to the target
region.

The efficacy of the particle selection system is demonstrated in fig. 7. The particle selection system reduces
uncontrolled protonic losses by 2 orders of magnitude. Nonetheless 1.2 kW of proton beam power is lost
outside of the active handling region, with roughly 0.2 kW lost at the interface between the phase rotator and
cooler.

3.4 Acceleration

3.4.1 Introduction

Here we present a scheme to accelerate muons from the end of the cooling channel (244 MeV) to about 10
GeV - the energy required by the Neutrino Factory under study. To ensure an adequate survival rate for 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 [Ref. Cooling
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Figure 6: Number of muons captured by the front end, as simulated in ICOOL v3.20. TODO: negatives; error
bars; G4BL capture, (G4BL version)

Channel Sec]. The need for large transverse and longitudinal acceptances drives the design of the acceleration
system to low RF frequency, e.g. 201 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 a SRF gradient of 15-17 MV/m, which will allow survival of about 85% of the muons as
they are accelerated to 10 GeV.

3.4.2 Accelerator Complex

The proposed muon accelerator complex consists of a single-pass, 201 MHz SRF linac, that captures the large
muon phase space coming from the cooling channel. The Pre-linac accelerates the muons to sufficiently rel-
ativistic energies (775 MeV kinetic energy) to facilitate efficient multi-pass acceleration in the RLA, while
adiabatically decreasing the phase-space volume. The large acceptance of the linac requires large aperture
(23 cm radius) and tight focusing. This combined with moderate beam energies favors solenoidal rather then
quadrupole focusing for the entire linac. The Pre-linac is followed by the first Recirculating Linear Accelerator
(RLA I) that further compresses and shapes the longitudinal and transverse phase-space, while increasing the
energy to 2.8 GeV in in 4.5 passes. The beam is injected at the middle of 850 MeV SRF linac to minimize
the effect of phase slippage for initially 0.8 GeV muon beam accelerated in a linac phased for the speed-of-
light particle. In a “Dogbone” RLA the beams at the ends of the linac need to be directed into the appropriate
energy-dependent “droplet” arcs (4) for recirculation. Finally, the RLA I is followed by the second, 4.5 pass
RLA, based on 1.6 GeV SRF linac, that accelerates muons to 10 GeV. All linacs are based on 201 MHz SRF
cavities; with the Pre-linac utilizing large aperture (23 cm radius), lower gradient (15 MV/m) cavity design,
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Figure 8: Layout of the accelerator complex: a single-pass Pre-linac to 0.775 GeV followed by a pair of 4.5-pass
“Dogbone” RLAs: to 2.8 GeV and 10 GeV.

while RLA I and RLA II are configured with smaller aperture (15 cm radius), higher gradient (17 MV/m)
cavities

For practical civil engineering reasons the in-plane horizontal layout of all three components is favored
rather than a vertically stacked, somehow more compact configuration. All three accelerators are connected
by compact transfer lines, configured as vertically separated double arcs, capable of transferring both charge
species between consecutive acceleration stages.

The overall layout of the accelerator complex is shown in Fig. 8.

3.5 Decay Ring

In the Neutrino Factory [46] neutrinos are generated from muon decays according to:

µ− → e−ν̄eνµ ; and µ+ → e+νeν̄µ . (3)

Neutrinos are aimed at near and far detectors by collecting muons a storage ring with long straight sections
pointing at a distant experimental facility. The storage ring dips into the ground with an angle of 9◦ for a
2000 km baseline.

Since the decay ring needs to serve a single baseline, a racetrack geometry, which can direct neutrinos result-
ing from the decays of both muon charges to the same far detector, is the logical option (triangular and bow-tie
rings were considered in the IDR to serve two baselines). The racetrack ring is designed to store counter-
rotating muon bunches with each long straight serving as production sections for either µ+ or µ−. The neutrino
production efficiency ηp is defined as the length of the production straight divided by the ring circumference.
In this design ηp is 35.56% which is a reasonable tradeoff between physics, geology considerations and cost.

There will be at most three µ+ and three µ− bunch trains in the ring. The bunch trains, 250 ns long at
injection, will debunch due to their finite momentum spread and the non-zero phase-slip in the ring. Until the
muon bunches have decayed in sufficient numbers, a 100 ns gap between the neutrino bursts arising from the
µ+ and the µ− bunches should be maintained. In addition, the circumference must be large enough to allow
sufficient rise/fall time for the injection kickers. Finally, there should be a rational relation between the orbit
periods of the proton driver and the decay ring to ensure equal spacing of the injected bunches.
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The optical properties of the ring are challenging. In order to keep the neutrino flux uncertainty sufficiently
small, the rms divergence of the muon beam in the production straight section must not exceed 10% of the
natural angular divergence of 1/γ that arises from the kinematics of muon decay. This requirement translates
into high values for the β-functions in the production straights (∼ 70 m) which need to be matched into the low
values of ∼ 14 m in the arcs. At the ends of each straight, small bending magnets are included to ensure that
neutrinos created in the matching section (where the muon beam still has a large divergence angle) cannot be
seen by the detector.

In order to allow a realistic injection scenario, a dedicated injection insertion is included. Injection into the
production section is challenging owing to the low phase advance per cell and large transverse β, leading to
high kicker peak fields and aperture requirements. Injecting into the arc is precluded since the elements there
are tightly packed. A dedicated dispersion-free injection section is therefore located between the matching to
the production straight and the arc.

From the center of the upper (closest to the surface) to the center of the lower arc, the ring structure is:
• Upper arc using FODO cells
• Dispersion suppression section, like the arc cells but with different dipoles
• Matching section
• Injection section with a triplet structure
• Matching section with a small amount of bend
• Production straight using FODO cells
• Matching section with a small amount of bend
• Lower arc

The lattice is reflection-symmetric about the centers of the arcs. Figure 9 gives a diagram of the ring. The
principal ring parameters are listed in Table 2. Assuming the total momentum spread is given by δ = 0.05, the
beam can circulate for ten mean decay times before the neutrino signal gap drops below 100 ns.

Figure 9: Decay ring geometry. The injection point is indicated.
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Table 2: Ring Parameters
Production straight 562.0× 2 m
Upper arc (incl. disp supp) 121.155 m
Lower arc 112.729 m
Insertion 46.4× 2 m
Matching sections (total) 104.987 m
Circumference 1555.672 m
Width of ring 74.565 m
Length of ring 737.228 m
Angle of inclination 10 deg
Maximum depth of ring 128.02 m
Production efficiency ηp 36.1%× 2

Total tune (H,V) 14.77, 13.73

Chromaticity (H,V) −17.11, −20.23

Phase slip η 2.8× 10−3

Turns per mean lifetime 40.07
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4 Detector systems for the Neutrino Factory

Lead authors: PS, ABr, JM, RT
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5 Conclusions

Lead author: KL
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A Incremental Development of a 10 GeV Neutrino Factory

Chris Rogers, Patrick Huber
The Neutrino Factory facility will provide an intense beam of high energy neutrinos for precision measure-

ment of CP violation. Here a series of stages are examined that may permit incremental development of a
facility with physics at each stage and with a relatively small increase in the overall facility cost. The advantage
of constructing such a facility incrementally is that it may be easier to fit within presumed funding profiles and
the technical risk can be spread more evenly over the project lifetime.

A.1 Neutrino Factory baseline

The Neutrino Factory facility baseline design makes a beam of muons by firing a high power and short pulse
proton beam onto a target. The resultant secondary particles contain many charged pions along with other
secondaries. These pions are captured into a solenoidal field, during which most decay to muons. Subsequently
the muons are taken through a solenoidal chicane and proton absorber to remove protons and particles outside
the momentum acceptance of the capture system.An adiabatic buncher and phase rotator is used to capture
muons longitudinally. Transverse ionisation cooling is used to reduce the transverse emittance of the muon
beam, leading to the capture of a significant number of useful muons.

In the baseline design, these muons are subsequently accelerated in a linac from 0.2 GeV to 0.8 GeV; and in
two RLAs, first from 0.8 GeV to 2.8 GeV and secondly from 2.8 GeV to 10 GeV.

The muons are finally injected into a storage ring at 10 GeV where they decay into neutrinos and electrons.
The neutrino decay products are directed towards a remote detector where the flux of different neutrino species
can be measured.

In this paper the Neutrino Factory baseline is considered the final design goal of the facility, and staging
schemes are considered that would deliver this facility as the final stage.

A.2 Staging Schemes

In this paper, the number of neutrino interactions is considered as the means to providing an incremental
approach to a Neutrino Factory facility.

The number of neutrino interactions can be modified either by modifying the number of muons reaching the
storage ring, typically by modifying the design of the capture channel; or by reducing the detector size.

The scheme chosen is driven by a balance between physics need, cost and perceived technical risk. Delay-
ing the construction of certain elements can spread cost and risk more evenly over the project lifetime. It is
perceived that, for example, gaining experience with muon beam handling and radiation issues with a low rate
beam may enable a better design and lower risk associated with higher rate beams.

A.3 Rate Staging

More than half of the projected Neutrino Factory cost is associated with the proton driver and capture section,
which are the sections that mostly impact the rate of muons in the storage ring. Additionally, these are expected
to be the most technically challenging parts of the Neutrino Factory design, while the accelerator and decay
ring designs are expected to be relatively low risk.

It is proposed that an initial stage would be using a lower power proton driver, possibly at an existing facility,
a target horn rather than high field capture solenoid and no cooling section. An upgrade scenario would then
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be to build a high field solenoid in the capture region, extend the beamline adding a cooling section and as a
further stage to increase the proton driver beam power to 4 MW.

Implementing a staged scenario in this way is challenging due to the practicalities of manipulating highly
activated targets and beam transport lines. Conventional transport elements like bending magnets would result
in a dramatically reduced beam transport due to the exceptionally large beam emittance, both transverse and
longitudinal, which cannot be transported efficiently by multipole-type lattices [? ] [? ].

In this study a solenoidal chicane is proposed to introduce a transverse displacement. A schematic diagram
of the proposed scheme is shown in Fig. 10.

Figure 10: Schematic diagram of (top) stage 1 and (bottom) stage 2 and 3 of the proposed scheme. Stage 3 is
to increase the proton beam power on target to 4 MW.

A.3.1 Muon Chicane to Create Transverse Displacement

The muon chicane mentioned above, is designed to remove undesirable secondaries from the beam. A solenoidal
chicane is used which has excellent properties for transport of high emittance beams.

Increasing the radius of curvature of the chicane increases the lateral displacement of the beam pipe without
significantly affecting the beam transport properties.

A.3.2 Magnetic Field in a Constant Radius Constant Field Bent Solenoid

The magnetic field in a bent solenoid is assumed to have only a radial dependence, such that it can be written
as

Bbs = f(ρ)s (4)
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From Maxwell’s equations, in the absence of current sources

∇×B = (
1

ρ
∂sBy − ∂yBs)ρ+

(∂yBρ − ∂ρBy)s +

1

ρ
(∂ρρBs − ∂sBρ)y = 0.

Substituting for Bbs gives
∂ρρf(ρ) = 0 (5)

which has the solution

f(ρ) =
b0
ρ

=
bsρ0
ρ
. (6)

Here bs is the magnetic field strength on the reference orbit at radius ρ0.

A.3.3 Helical Motion

In the presence of a field of this nature, some particles can be shown to travel in a helix. Starting from the
Lorentz equations,

F =
dp

dt
= qv ×B (7)

it is possible to derive the criterion for helical motion. Assume no radial velocity, so that

v = c
pyy + pss

E
(8)

with speed of light c. Then if the particle is travelling at radius ρ

F = qc
pyb0
Eρ

(9)

For circular or helical motion, with constant energy,

F = mγρω2 =
mγβ2sc

2

ρ
=
c2p2s
Er0

. (10)

By equating the two expressions for F
c2p2s
Eρ

= qc
pyb0
Eρ

. (11)

Then if

py =
qp2s
b0

(12)

particle motion will be on a helix. It should be noted that the slope of the helix is independent of the radius.

A.3.4 Vertical Displacement

In a chicane-type geometry vertical displacement into a collimator used to reject high momentum particles. The
vertical displacement is given by

δy =
dy

ds
δs (13)
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where δs is the total path length through the circular orbit,

δs = ρδθ (14)

and δθ is the total bend angle of the chicane. The vertical divergence is given by

dy

ds
=
py
ps

=
qps
b0

(15)

so
δy =

qps
b0
ρδθ =

qps
bs
δθ (16)

and the vertical displacement is independent of the radius of the helix. This is a useful feature as the chicane
radius of curvature can be increased to provide a larger transverse displacement of the beam pipe. This may
provide space for the beam pipe and tunnel to pass from the second target station, past the decommissioned
first target station and into the existing tunnel for acceleration.

A.3.5 Tracking through a Dual Chicane System

The effect of introducing a second chicane was studied in a full Monte Carlo simulation. In this study, the initial
10 m long chicane, used for removing undesirable pollutants from the beam, was left in situ and a second, 40 m
long chicane was placed immediately after the proton absorber, replacing almost all of the drift section with a
chicane. The total bending angle in each half of both chicanes was left unchanged at 12.5◦, resulting in a radius
of curvature of 22.9 m and 91.7 m respectively and a horizontal transverse displacement of 1.08 m and 4.34 m
respectively.

The tracking results for the two front ends are shown in Fig. 11. There is a slight degradation in capture
performance, with peak muon yield reduced from 0.0672 muons per proton to 0.06495 muons per proton.
(TODO: update that number on final design; errors?)

By introducing a second chicane, it is possible to introduce a lateral displacement of the target region that
would enable a target station upgrade as part of the staging scheme.

A.3.6 Removing the cooling channel

Removal of the cooling channel would necessitate moving, reinstalling and recommissioning the buncher and
phase rotator in an upstream position. While this may be time consuming, the dominant cost of the front end is
in the capital cost of RF power supplies and so it is thought that it will only increment the total cost by a small
fraction. It would, however, necessitate rebuilding the target station and initial capture region as following
operation of the facility any existing target station or capture region would be too active to handle.

Removing the cooling channel would decrease the capture efficiency from the baseline 0.0672 to 0.0298
good muons per proton, where the latter number includes the effect of adding another chicane. (TODO: 0.0672
number is not final; errors?)

A.3.7 Replacing the target with a horn design

The effect of replacing the solenoidal capture target with a horn was studied in [47]. The main affect was
shown to be that only one sign of muon could be captured at any one time. The study showed that the capture
efficiency of the horn was between 40 % and 50 % compared to the capture efficiency of a solenoid-like target
station. It should be noted that the capture efficiency of the Study 2a target station is very similar to the one
presented in the RDR.
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Figure 11: Capture performance of the baseline front end and the modified front end including a long chicane
to provide a transverse displacement of the beamline. The cooling channel starts at 129.1 m. Good muons
are counted using the standard criterion that muons should be within a momentum band of 100 MeV/c to 300
MeV/c, within a transverse acceptance of 30 mm and a longitudinal acceptance of 150 mm, which corresponds
to the acceptance of the acccelerator system.
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Stage 1 Stage 2 Stage 3
700 kW proton driver 0.18 0.18
CERN 400 kA Horn 0.52
No cooling channel 0.44
Total 0.041 0.18 1

Table 3: Fraction of the baseline capture rate that would be achieved by each of the staging options discussed
above. The total is found by taking the product of cells in the column above.

A.3.8 Target Geometry Considerations

Despite the introduction of a chicane, the front end beam axis following upgrade would still be 5.4 m from the
target station. Some clearance is required for the tunnel in which the front end is expected to sit.

The NuMi/NovA target station has been successfully operated with 400 kW of proton beam power and an
upgrade is planned for operation at 700 kW. (TODO: check those numbers) The target station half-width is 3
m. If a similar target station were installed 2.4 m would be available for additional supports and infrastructure
associated with a tunnel.

If it were desired to provide a target horn that could operate at 4 MW, additional space may be required. The
advantage of operation at 4 MW is that an initial low power proton driver may be replaced by a high power
proton driver as an incremental upgrade; followed by a target station and front end upgrade at a later date. Much
of the construction work for these upgrades could be performed during operation of the existing facility.

The front end beam pipe in this region is 0.3 m in diameter, with tightly packed RF cavities extending to
0.6 m. In the current design superconducting coils sit outside the RF cavity radius, providing a 1.5 T field.
RF power is fed through gaps between adjacent coils. No full magnet design exists but a similar magnet
under construction for the MICE experiment has a cryostat outer half width of 1.3 m, leaving 1.1 m for tunnel
infrastructure. It may be possible, but would require some care in the design to ensure that the equipment does
indeed fit in the tunnel. (TODO: do we want some images here? NOvA? MICE CC? (copyright/authorship
issue) )

A.3.9 Using a lower powered proton driver

Implicit in the discussion above is the assumption that one may use a lower powered proton driver to feed the
target horn. There are several existing facilities that can deliver proton beams of the required beam power, and
it is assumed that an existing facility would be used in this case. An additional buncher and bunch compression
ring would be required for the protons, as no existing facility has the capability to deliver protons with the
required 1-3 ns bunch length.

A.3.10 Rate reduction in proposed staging schemes

The rate of particle interactions in the detector at each stage, as a proportion of the rate for the final stage, is
shown in Table 3.

TODO: costing table should be updated with numbers from RDR nf costing - TODO: here I have used scaled
costing from euronu with modification to TODO: accomodate lower energy NF
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Stage 1 Stage 2 Stage 3
Proton Driver 6 0 21
Target, capture, decay 8 15 0
Front End 6 12 0
Acceleration 27 0 0
Decay Ring 9 0 0
Detector 13 0 0
Total Cost 65 21 27

Table 4: Cost for the proposed stages, based on [? ]. Units are cost units [cu], where 1 cu is the cost for 1 % of
the euronu acceleratorr facility cost, based on the upper bound estimate for cost.

A.4 Physics Reach of a Staged Facility

The physics reach of the various stages has been examined in detail for configurations with 0.04, 0.25 and 1
times 1021 useful muon decays which corresponds to accelerator stage I-III as described in Tab. 4. The detector
lends itself well to continious staging, which practically is implied due to the considerable time span required
for construction and the fact that a partical detector can be fully operational. A 50 kt partial and a 100 kt
full detector are considered. Combined with the three accelerator stages this corresponds to eight luminosity
scenarios: 0.02, 0.04, 0.125, 0.25, 0.5, 1. The corresponding physics reach using a 10 GeV muon energy in
terms of the accuracy on δCP is shown in Fig. 12. The two lines labeled 0.02 and 0.04 correspond to the
stage I accelerator facility with a 50 kt or 100 kt detector respectively and fall in between the physics reaches
of LBNE10 and full LBNE with a 2.3 MW proton driver. This implies that even a minimal stage I facility
is competitive to current superbeam experiments. and at the same time provides a clear upgrade path to 5◦

accuracy without running into systematics issues.
An energy stage at 5 GeV was also investigated and it was found that running at 5 GeV and 2000 km baseline

reduces the physics reach by a similar amount as reducing the luminosity by a factor of 2. Combined with the
fact that at 5 GeV the acceptance of the 10 GeV storage ring would reduce the actual flux by a factor of ∼ 2,
makes a 5 GeV energy stage rather unattractive from a physics point of view.

This is to be contrasted with the case where the baseline is changed to 1 300 km and the detector technology
is changed as well to a liquid argon detector. In this case it can be shown that the overall sensitivity is quite
good because now oscillation maximum, beam flux and detection effeciencies are well matched again. This
scenario is studied in detail in the MASS report [48, 49]. On the one hand it demonstrates the flexibility of the
neutrino factory concept, on the other hand it makes it obvious that the beam flux, the oscillation maximum
and detection efficiencies have to be carefully matched at the beginning. Therefore, neither baseline or energy
should be changed as part of a staging scenario; in the initial choice, however, there exists quite some lattitude.

B Conclusion

The feasibility of incrementally developing a 10 GeV Neutrino Factory has been examined and it has been
found that the cost and risk can be spread over several stages while delivering competitive physics at each stage
and finally enabling a greater degree of precision to be reached.
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Figure 12: PRELIMINARY – This figure shows the fraction of CP for which a measurement of CP phase δCP
is possible with a certain acccuracy at 1σ. The labels correspond the fractional luminosities relative to the full
facility, i.e. fractions of 1021 muons, 100 kt detector and 10 years running time.
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Figure 13: Schematic of the overall front end section.

D The Muon Front End

C. T. Rogers D. Stratakis G. Prior S. Gilardoni D. Neuffer P. Snopok A. Alekou J. Pasternak

The front end is described in outline in Sec. 3.3. In this section some of the details of the lattice simulations
are described. Lattice files are available on the launchpad web service [? ] either by direct download or using
the bzr distributed version control system [? ].

Three simulation codes were used to track the beam in the muon front end. ICOOL version 3.20 [? ] and
G4Beamline version 2.14 (G4BL) [? ] were used to track the front end, assess capture performance and
transmission losses. Initial particle distributions and detailed studies of activation in the decay and chicane
region were generated using MARS ¡VERSION¿.

D.1 Decay Region

The target is immersed in a 20 T solenoidal field which tapers to 1.5 T over a distance of about 15 m. In this
region, the aperture is considered by the front end group to be a volume of rotation with radius r given by

r =
752 − 3002

15000
z + 752 (17)

where z is the position along the beamline and units are mm. In G4BL this is modelled as a volume of
rotation and in ICOOL a series of cylinders are used with inner edges at 5 mm steps in radius.

Both simulation codes generate fields using infinitely thin current sheets, where an analytical solution exists
for the generated fields. In G4BL this is handled automatically by the code, given a certain field tolerance. In
ICOOL the sheets are generated manually with 5 sheets generated per coil, with current spread evenly across
the coil cross sectional area. The nominal coils used in the simulations are outline in table 5.

A cartoon schematic of the decay region, chicane, proton absorber and longitudinal drift is shown in fig. 14

D.2 Particle Selection System

Protons and particles with momentum above 500 MeV/c are rejected from the front end by means of a solenoidal
chicane and Beryllium plug. The chicane filters particles with momentum above 500 MeV/c. The Beryllium
plug ranges out low energy protons.
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Figure 14: Schematic of the solenoid taper, chicane, proton absorber and drift system.

Coil Number Front Z Inner Radius Outer radius Length Current
0 -875.615 183.374 230.974 1001.77 22.0077
1 -1110.25 238.526 287.56 1236.4 20.7391
2 -1209.83 295.812 355.238 2071.54 14.1202
3 -1258.49 362.07 426.417 2120.2 12.0430
4 -1294.60 433.012 501.625 2156.32 10.5919
5 -2409.29 1200 1958.34 3523.19 19.3093
6 1113.91 1200 1843.42 777.842 21.7586
7 2764.71 1200 1958.34 451.954 26.7345
8 4702.37 1199.63 1755.92 312.275 33.4571
9 5757.48 896.518 938.067 2553.68 41.2151
10 9143.17 1182.83 1703.07 154.466 40.7164
11 10347.6 723.607 869.066 129.994 45.0315
12 10850.7 699.214 723.774 3413.12 46.6621
13 14542.8 699.438 863.938 109.612 46.4479

Table 5: Coil pack used for simulation of the solenoid taper.
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D.2.1 Chicane and Proton Absorber Conceptual Design

Given that it is challenging to get good muon transmission over the desired range of momenta, and that both
positive and negative muon species need to be captured, a stellarator-type solenoidal chicane is proposed.
Solenoidal chicanes induce a vertical dispersion in the beam, resulting in symmetric transmission of both par-
ticle charges. Matching from the constant solenoid field of the front end to the bent solenoid field is relatively
easy. The main problem with this sort of lattice is that it is not possible to make an open midplane solenoid.
Either very high radius superconducting coils with significant shielding or normal conducting coils exposed to
beam power in the hundred kW range are required. Clearly these components would become active and it is
expected that they would be treated as part of the remote handling facility in the target area.

The addition of a Beryllium proton absorber after the chicane serves to lower the overall energy of particles
in the system. This stops almost all of the protons, while leaving most muons in the beam. Increasing the
absorber thickness and increasing the chicane angle reduce the good muon yield slightly, while producing a
dramatic reduction in the proton beam power escaping the system. Based on that, a 12.5◦ chicane angle and
100 mm proton absorber thickness were chosen. Some details on optimisation of the particle selection system
are given in [? ].

D.2.2 Simulation of the Chicane and Proton Absorber in G4BL

The chicane follows after the solenoid taper region. A 4 m region of matching was used to match from the
long coil geometry used in the solenoid taper to a short coil that could be arranged on a torus, all in a 1.5 T
field on-axis. In G4BL, a set of match coils provide a match from the long coils used in the solenoid taper to
the short coils used in the chicane. Coils in this region are identical with inner radius 430 mm, outer radius
530 mm, length 180 mm and current 16.5703 A/mm2. A list of current scalings used for matching is given in
table 6. Coils are placed with coil centres every 250 mm.

The chicane itself was modelled in G4BL using coils with the same geometry as the match coil, placed every
250 mm along a curved trajectory with radius of curvature of 22.9 m and a total bending angle of 12.5o. Two
bends were placed next to each other, one to provide a positive bending angle and the other to provide a negative
bending angle, resulting in a transverse displacement of the downstream linac by 1.0468 m. This suppresses
propagation of neutral particles from the target.

D.2.3 Simulation of the Chicane and Proton Absorber in ICOOL

In ICOOL, the solenoid taper field was cut at 15 m and a constant 1.5 T field was used for the following 4 m
match. The chicane was modelled using BSOL model 1, which presents a 1.5 T field along the nominal curved
trajectory and a 1/r dependence off that axis. Two regions were modelled, one with positive radius of curvature
and one with negative radius of curvature. No end field was used for the chicane, leading to a discontinuity in
field lines at the interfaces between the BSOL regions.

D.3 Chicane Energy Deposition Studies

The initial configuration of the chicane as simulated in MARS15 [50] and shown in fig. 15 starts at the end of
the target/capture region, 30 meters downstream from the target, which corresponds to zero in TODO: Check
should be 20m Fig. 15. Field maps for MARS simulations were generated by G4BL [? ]. Coils have inner
radius of 43 cm, outer radius of 53 cm, length of 18 cm, with on-axis field of 1.5 T throughout the channel.
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Centre Z [mm] Current Scaling [16.5703 A/mm2]
15000 0.9
15250 0.8
15500 0.8
15750 0.9
16000 0.95
16250 0.95
16500 0.95
16750 0.95
17000 0.97
17250 0.97
17500 0.97
17750 0.97
18000 1.0
18250 1.0
18500 1.0
18750 1.0

Table 6: Current scalings for the matcher section.

Figure 15: Chicane as simulated in MARS, top view. Yellow: solenoidal coils, cyan: pure W shielding, gray:
SS beam pipe and shield pipe around W shield, magenta: 100 mm Be proton absorber.
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Figure 16: Energy deposition in the coils of the chicane with no shielding, mW/g, nominal 12.5◦ chicane, used
as a reference.

Either copper or a standard MARS material SCON consisting of 90% superconductor (60% Cu and 40% NbTi)
and 10% Kapton (C22H10N2O5) are used for simulations. The proton absorber is a 10 cm Be disk of outer
radius 30 cm.

Two conceptual designs for managing the radiation losses in the chicane are available and both are discussed
here. The chicane could be implemented using normal conducting copper coils with inorganic insulators to ac-
comodate the significant radiation load. Alternately, the chicane could be implemented using superconducting
coils with significant shielding inside the coils.

The case of a chicane without shielding is used as a reference. In this case the peak total deposited power
density in the coils is 15.8 mW/g, while a common limit for superconducting coils is 0.15 mW/g. In terms of
peak linear power density for the geometry described above that corresponds to 42.6 kW/m for Cu coils, see
fig. 16, or 33.3 kW/m for SCON coils. That is significantly larger than the typical 1 W/m limit for hands-on
operation. Since these numbers represent averages over the whole coil, a more thorough analysis is required by
subdividing the coils into smaller segments in order to localize energy deposition peaks.

D.3.1 MARS simulations, ROOT framework

A recently developed ROOT-based geometry framework for MARS was used for modelling the chicane. The
TGeoCtub elementary volume (cut tubes with arbitrary entrance and exit angles) was used to generate segments
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Figure 17: Chicane geometry as defined using ROOT. Red: shield, bend in; blue: shield, bend out; green: half
of all the solenoidal coils. Some coils have been removed from the visualisation to display the beam pipe.

of the toroidal beam pipe. The chicane as defined using ROOT is shown in fig. 17.

D.3.2 Coil segmentation

The energy deposition in the chicane is highly asymmetric. Dispersion is excited vertically for particles of
intermediate momenta, while high momenta particles are lost transversely on the inside of the bend. Few
particles are expected to be lost on the outside of the bend.

In order to correctly account for this effect each coil was represented as a set of segments: 12 azimuthal
segments (uniform, 30◦ each), 2 radial segments, and 3 longitudinal segments, for a total of 72 segments
per coil. As expected, even though the average energy deposition per coil is reduced dramatically with the
introduction of shielding, there are peaks in the individual segments.

D.3.3 Shielding effect: alternative layouts

The beam pipe in the chicane is wider than in the rest of the front end to permit the dispersion to develop. Two
models for beampipe aperture were considered here:

• Bore radius of 42 cm with shielding of radial thickness 35 cm everywhere in the chicane.
• Non-uniform shielding with 30 cm of shielding and bore radius of 30 cm away from the center of the

chicane and 40 cm of shielding and bore radius 42 cm around the center of the chicane where the beam
is wider.

The chicane layout and the total deposited power density are shown in Fig. 18 for the case of the uniform
shielding, and in Fig. 19 for the case of the variable thickness shielding. The density of W is reduced to 60%
to account for the tungsten bead packing fraction. The total deposited power density peaks at 1 mW/g for the
uniform shielding as represented by the blue line in fig. 20 and at 0.4 mW/g for the non-uniform shielding as
represented by the green line in Fig. 20. Where z≥40 m, electromagnetic showering from the proton absorber
produces some energy deposition and additional shielding needs to be considered. The average power density
per coil is lower than the 0.15 mW/g limit for the superconducting coils for both cases.

D.3.4 Remaining beam power

The beam power that remains in the beamline downstream of the initial particle selection scheme is shown in
fig. 21 for different particle species. The particle selection system is successful at removing the large majority
of proton beam power from the beam, although a noticeable fraction of particles do remain.
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Figure 18: Layout of the chicane with uniform shielding of 35 cm, constant bore radius of 42 cm accommodates
beam widening at the center of the chicane. Total power density plot on the right shows that power deposition
in the coils is of the order of 0.1 mW/g; however, the quantitative segmented coil analysis shows several peaks
larger than the 0.15 mW/g limit.

Figure 19: Layout of the chicane with non-uniform shielding of 40 cm around the center of the chicane with a
constant bore radius of 42 cm to accommodate beam widening, 30 cm elsewhere in the chicane with a constant
bore radius of 30 cm to keep the coil radius smaller. Total power density plot on the right shows that power
deposition in the coils within the chicane is of the order of 0.1 mW/g; however, the quantitative segmented coil
analysis shows several peaks larger than the 0.15 mW/g limit.
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Figure 20: Left: maximum deposited power density for segmented coils, showing a few peaks larger than the
0.15 mW/g limit. Right: average deposited power density per coil is within the 0.15 mW/g limit.

The remaining protons originate from a few high energy particles which seem to scatter through the chicane.
The energy distribution of different beam components before the particle selection system, after the particle
selection system and at the end of the cooling channel is shown in fig. 22.

D.4 Modifications to the RF capture system

The RF capture system is designed to capture the beam into RF buckets and rotate the longitudinal phase
space so that buckets have the same energy. The conceptual design of the system was outlined in [? ]. Here
we describe the parameters of the lattice updated for the modified longitudinal distribution introduced by the
particle selection system.

As relevant to the RF capture system, the main effect of the particle selection system is to introduce a mean
energy loss of 34 MeV/c for the higher momentum reference particle with initial momentum 270 MeV/c and
41 MeV/c for the lower momentum reference particle with initial momentum 185 MeV/c. This introduces a
translation and a slight shear in the longitudinal phase space. A modified capture system is required to capture
this distribution efficiently.

Additionally, the position of the RF cavities has been modified to place them every 0.75 m with power feeds
envisaged to pass between individual magnet coils.

D.4.1 Longitudinal Drift

In order to bunch and phase rotate the beam, it is necessary to make a longitudinal drift to allow a time-energy
correlation to develop. In ICOOL, a constant 1.5 T region with beam pipe radius 0.3 m and length 40.80 metres
is used.

A slightly more complicated model is required in G4BL due to the way the geometry is handled. The coil
model as outlined in the chicane section is extended for 4.5 m after the end of the chicane. The last 2.5 m of
this region is written to a field map file; and then this file is read into G4BL with a scale factor of -1, providing
cancellation of the last 2.5 m of field. This creates an abrupt stop to the field map at the nominal end of the
particle selection system, some 2 m downstream of the equivalent point in ICOOL. The drift and RF capture
can then be simulated using an idealised 1.5 T field.
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Figure 21: (top) Transmission losses and (bottom) remaining beam power following the particle selection
system. Simulation in G4BL 2.14.
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Figure 22: Remaining beam energy, separated by particle type, for position (top) before the particle selection
system, (middle) after the particle selection system and (bottom) at the end of the cooling channel. The exact
z-position is shown in the plot titles. Simulation in G4BL. 2.14.
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Figure 23: Schematic of a single cell in the RF capture system.

D.4.2 RF capture

The RF capture system frequencies and voltages are outlined below. 0.5 m RF cavities are placed at 0.75 m
intervals in a constant 1.5 T field. 200 micron Be windows are placed before and after RF cavities in the
buncher. 400 micron Be windows are placed before and after RF cavities in the phase rotator. Windows are
intended to enhance the real estate gradient by ensuring higher RF fields are available on the beamline.

TODO: power requirements - calculate by scaling from MICE, assuming same shunt impedance etc but
merely changing voltage

D.5 Ionisation Cooling Channel

The ionisation cooling channel design is essentially the same as in the Feasibility Study 2A documentation [?
]. The cell length has been made longer, to provide space for insulation and support structure for the cooling
channel. Additionally, RF and absorbers have been removed from every sixth cell to provide space for bellows.

D.5.1 Matching Section

The magnet section comprises eight 0.75 m long cooling cells that match the beam from the 1.5 T region to the
cooling channel proper. Matching for such a high momentum spread is something of an art form, and a precise
match is impractical due to significant chromatic and spherical aberrations. No longitudinal match has been
attempted.

A schematic of the matching section is shown in fig. 24.

D.5.2 Cooling Section

The cooling section comprises 28 supercells, each of which comprises 5 cooling cells followed by an empty
cell to provide space for bellows, diagnostics and other services.
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Cell Frequency [GHz] Peak Voltage [MV/m]
1 0.35892 0.178
2 0.35892 0.451
3 0.35892 0.724
4 0.35892 0.996
5 0.35892 1.269
6 0.34102 1.542
7 0.34102 1.815
8 0.34102 2.087
9 0.32873 2.36
10 0.32873 2.633
11 0.32873 2.906
12 0.31727 3.178
13 0.31727 3.451
14 0.31727 3.724
15 0.30663 4.269
16 0.30663 4.269
17 0.30663 4.542
18 0.29665 4.815
19 0.29665 5.087
20 0.29665 5.36
21 0.28731 5.633
22 0.28731 5.906
23 0.28731 6.178
24 0.27853 6.451
25 0.27853 6.724
26 0.27853 6.996
27 0.27028 7.269
28 0.27028 7.542
29 0.27028 7.851
30 0.2625 8.087
31 0.2625 8.36
32 0.2625 8.633
33 0.25516 8.906
34 0.25516 9.178
35 0.25516 9.451
36 0.24821 9.724
37 0.24821 9.996
38 0.24821 10.269
39 0.24163 10.542
40 0.24163 10.851
41 0.24163 11.087
42 0.2354 11.36
43 0.2354 11.633
44 0.2354 11.905

Table 7: Design frequencies and peak voltages for the buncher system.
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Cell Frequency [GHz] Peak Voltage [MV/m]
45 0.23155 13
46 0.23155 13
47 0.22801 13
48 0.22801 13
49 0.22487 13
50 0.22487 13
51 0.22206 13
52 0.22206 13
53 0.2195 13
54 0.2195 13
55 0.21731 13
56 0.21731 13
57 0.21482 13
58 0.21482 13
59 0.21482 13
60 0.21226 13
61 0.21226 13
62 0.21226 13
63 0.2101 13
64 0.2101 13
65 0.2101 13
66 0.20827 13
67 0.20827 13
68 0.20827 13
69 0.20675 13
70 0.20675 13
71 0.20675 13
72 0.20549 13
73 0.20549 13
74 0.20549 13
75 0.20447 13
76 0.20447 13
77 0.20447 13
78 0.20365 13
79 0.20365 13
80 0.20365 13
81 0.20303 13
82 0.20303 13
83 0.20303 13
84 0.20257 13
85 0.20257 13
86 0.20257 13
87 0.20228 13
88 0.20228 13
89 0.20228 13
90 0.20213 13
91 0.20213 13
92 0.20213 13

Table 8: Design frequencies and peak voltages for the phase rotator system.
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Figure 24: Schematic of a cell in the region between the phase rotation and the cooling proper.

Figure 25: Schematic of a cell in the cooling channel proper.
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Coils in this region have inner radius 350 mm, outer radius 500 mm, length 150 mm and current 106.66 A/mm2.
Coils are placed with coil centres every 860 mm, with coils swapping polarity every cell, giving a field of 2.8 T
peak on-axis. RF cavities operate with 16 MV/m gradient operating at a nominal 35o reference phase and are
0.5 m long. Cavity windows are made of Beryllium-coated Lithium Hydride, which absorbs energy to provide
ionisation cooling.

D.5.3 Matching from RF capture to cooling

The quality of the transverse match between the RF capture system and the cooling channel can be observed in
fig. 26. Some large beta function oscllations and emittance growth can be seen at the interface between the two
systems, and this is likely to be due to transverse mismatch in some portion of the phase space occupied by the
beam.

Long term beta-beating is observed in the cooling lattice. The origin of the beta-beating is likely to be
a longitudinal mismatch which leads to some momentum oscillation within the cooler and a corresponding
oscillation in the beta function.

The effect of the longitudinal mismatch on the longitudinal phase space of the beam can be seen in fig. 27.
There is a significant longitudinal emittance growth in the beamline. No longitudinal match has been attempted
between the cooling channel, and this could likely reduce the emittance growth. There are also significant
longitudinal-transverse correlations in the beam that may lead to high transverse amplitude muons becoming
dephased from the RF and lost.

D.6 Summary

The Neutrino Factory muon front-end captures a substantial proportion of the muons produced by the Neu-
trino Factory target. Longitudinal capture is achieved using a buncher and energy-time phase-rotation system
while transverse capture is achieved using a high field solenoid adiabatically tapered to 1.5 T and enhanced by
ionisation cooling.

Technical risks to the muon front-end are presented by the requirement for high peak RF fields in the pres-
ence of intense magnetic fields and irradiation of the accelerator hardware due to uncontrolled particle losses.
Strategies have been outlined by which these risks can be mitigated. Overall, the muon front-end increases the
capture rate of muons in the nominal accelerator acceptance by a factor 10.

E Front End Engineering

We produced mechanical designs of modules for the bunching, phase rotation, and cooling stages of the front
end. All systems consist of RF cavities within a magnetic field. For the buncher and phase rotation sections,
that field is a roughly constant 1.5 T, whereas in the cooling the field alternates in sign from one cell to the
next. All solenoids are superconducting, while the RF cavities are room temperature with frequencies varying
between 201 and 359 MHz. The cavity apertures are closed with beryllium windows are used, similarly to the
buncher section, to achieve high gradients. This becomes more challenging as gradients increase in the buncher
section, and in the phase rotation and cooling sections, due to the difficulty of removing heat from the windows.
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Figure 26: Transverse beam optics following the RF capture system: (top) optical 4D β function [? ] (bottom)
4D normalised emittance
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Figure 27: Longitudinal beam parameters following the RF capture system (top) mean longitudinal momentum
and (bottom) longitudinal emittance.
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Figure 28: Buncher initial schematic.

Figure 29: Enlarged illustration of encircled area in Fig. 28.

E.1 Buncher and Phase Rotation

An initial design proposal for an earlier version of the buncher lattice is shown in Fig. 28 with a more detailed
depiction of the encircled area in Fig. 29. Due to low gradients required at the beginning of the buncher, fewer
cavities with a high gradient were used instead of many cavities with a low gradient. The required voltage
increases down the line, and the cavities are grouped into multi-cell modules as this occurs.

The phase rotation has a similar configuration, but due to the consistently high gradient required, an arrange-
ment of cavities and coils shown in Fig. 30 was proposed.

The coil configurations depicted in these figures are in practice not feasible due to the conflicts between the
solenoid coils and the RF input coupler. An engineering feasibility study provided a proposal as depicted in
Fig. 31. This first iteration modified the schematic to include the RF coupler access to the individual cavities.
A bellows was included in every cell to allow cavities to be assembled one-by-one. The design also permits a

Figure 30: depicting the theoretical layout of the phase rotation module.
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Figure 31: A buncher cell CAD cavity/coil model based on MICE.

Table 9: Solenoid coil parameters for the theoretical lattice design (Original), the engineering design with
bellows in every cell (Bellows), and the engineering design with bellows only in cells that are missing cavities
(Module). The current density in the original coil was 47.5 A/mm2.

Original Bellows Module
Length (cm) 50 31.9 50
Inner radius (cm) 68 72.5 72.5
Radial thickness (cm) 4 11.65 11.65

Figure 32: Buncher section with the cell design containing a bellows in each lattice cell.
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Figure 33: depicting a 3m phase rotation module

lattice cell to lack a cavity (depicted to the right of Fig. 31) so that a module of a group of cavities and coils can
be removed without disassembling the entire beam line. The coil geometry for this new configuration is shown
in Table 9. The design increases the distance between the coils to accommodate the bellows without changing
the 0.75 cm cell length. The buncher lattice in Fig. 28 with these new cells is depicted in Fig. 32. Breaking
the design into 3 or 4-cell modules is straightforward at the beginning since there is significant space between
cavities at the beginning of the buncher in the earlier design. However, in the latter part of the buncher, splitting
into modules becomes more difficult: Figure 32 depicts a large number of cavities in a single module, which
may be impractical.

It is preferable to have the cavities grouped into modules, even in the region with higher gradients. Every
module can be removed for maintenance or replacement purposes to ensure minimum machine down time.
Figure 33 depicts such a module with 4 lattice cells and 4 cavity cells. The disadvantage of this arrangement, in
particular for the phase rotation, is that the requirement to periodically remove RF cavities reduces the average
RF gradient available. However, raising the 13 MV/m gradient in the phase rotation design to 16 MV/m
(the gradient in the cooling), and using modules with 5 lattice cells and 4 cavity cells, gives an essentially
identical average RF gradient. The cavity modules can be strung together to increase cost effectiveness further
by a common cryogenic feed. A more detailed study will need to be carried out which leads to points being
addressed such as additional couplings, enclosure vessels, access areas for instance.

Note that the lattice designs described in appendix BLAH have a constant 1.5 T solenoid field, and have
cavities in each cell, even at the beginning of the buncher. Future studies should simulate the design described
here to determine the impact of the non-constant solenoid field and the missing cavities on the beam dynamics.
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Figure 34: Illustrating the theoretical schematic for a two cell model

Table 10: summary of coil parameters

Length (cm) 15
Inner Radius (cm) 70
Radial thickness (cm) 15
Current Density (A/mm2) 107

E.2 Cooling

The ionisation cooling channel cells differ from those in the buncher and phase rotator in that the solenoids
alternate in sign from one cell to the next, the solenoids have a smaller radius, and the cavities have a LiH
absorber at their ends. The cavities are 201 MHz with a gradient of 16 MV/m.

Fig. 34 illustrates the cooling cell layout for the original proposal. This schematic indicates the components
required and their relative position. Table 10 gives the solenoid coil parameters.

As for the buncher and phase rotation, the cavities should be grouped into individually-removable modules.
We designed such a module, depicted in Fig. 35. The module shown contains 7 coils and 6 cavities is provi-
sionally. From the original specification, the lattice cell increased from 75 cm to 86 cm, but the coil geometry
remained the same. The required bellows at the left hand side is the width of one cavity to maintain beam
dynamics and provide access to mechanical systems including the vacuum arrangement.

This design is being used in the lattice described in Section XXX, except modules of 6 coils and 5 cavities
are used.

The technology and design solution are comparable to the MICE RF Coupling Coil. Fig. 36 demonstrates
the size in context. The MICE RFCC module is being built and commissioned at the time of writing.
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Figure 35: A 6 cavity and 7 coil module. The cavity is 50 cm long. Each solenoid coil cross-section is
15 cm × 15 cm. The cell length is 86 cm instead of 75 cm to accommodate the required vacuum vessels. The
vacuum chamber in the empty cell to the left has a bellows at its center.

Figure 36: shows a CAD model for the MICE RF Coupling Coil
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Figure 37: Pre-LINAC sketch to illustrate the basic layout

Figure 38: depicting a schematic for the 3 m module containing the solenoid (1.5 Tesla) and single cell cavity
(201.25 MHz, gain per cavity: 11.17 MeV)

F Acceleration Engineering

Acceleration of the muon beam occurs in a number of stages. The first stage is a pre-linac, which accelerates
the beam to 0.8 GeV total energy. This is followed by two recirculating linear accelerators (RLAs), taking the
beam to 2.8 GeV and 10.0 GeV, respectively. RLAs are preferable to a series of single-pass linacs since the
beam makes multiple passes through the RF cavities (4.5 passes in our design), consequently reducing the cost
of the acceleration system. The RLA technique cannot be applied at lower energies, however, since the beam
has a low velocity which, combined with its large relative-energy spread and large geometric emittance, would
make a linac phased for a higher energy inefficient at the lower, initial energy.

F.1 Pre-LINAC

To increase the energy sufficiently to apply the RLA technique a Linear pre-accelerator raises the total energy
from 0.244 GeV to 0.775 GeV. The Pre-LINAC consists of two distinct sections to retain an acceptable beam
envelope. See Figure 37 for a sketch of the Pre-LINAC overview. The first part is comprised of a solenoid-
single cell cavity module as depicted in Fig. 38 followed by a solenoid-two cell cavity module as shown in
Fig. 39.

An initial engineering evaluation led to a reiteration of the design shown in Figures 38 and 39 as the geometry
has to be modified to cater for mechanical components such as bellows, vessel enclosures and their interfaces.
The challenge of the extremely compact layout coupled with the magnetic shielding requirement requires fur-
ther investigation. Since solenoids produce strayfields that have adverse effects on the superconducting RF
cavities; therefore, a very important design feature of the solenoids is the need to eliminate the strayfields. The
solenoids satisfy the following conditions:

1. Are designed to produce zero net magnetic moment. This means that the coil that produces the solenoidal
field is bucked by a coil or coils that are larger in diameter.

2. The field from the bucking coils is to be distributed in the same way as the solenoid field. This suggests
that the bucking solenoid be around the focusing solenoid so that the return flux from the focusing
solenoid is returned between the focusing solenoid and the bucking solenoid.

3. The solenoid pair is surrounded by iron, except where the muon beam passes through it.

4. An iron flux shield is installed between the solenoid magnet package and the RF cavity cells.

5. The superconducting RF cells nearest the focusing solenoid are covered with a type 2 superconducting
shield. This will not shield the earth’s magnetic field, but it will shield the remaining strayflux from a
nearby solenoid.

It can be seen that a distance of 500mm must be maintained in order to negate the effect of the solenoid
strayfields on the RF cavity. The physical length of the coils and iron shield had to be reduced by 200mm to

Figure 39: illustrating the initial sketch for the 5 m module containing a solenoid (2 Tesla) and a 2 cell cavity
(201.25 MHz, gain per cavity 22.34: MeV):
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Figure 40: depicting a more detailed schematic of the solenoid including dimensions (on the left) and magnetic
field lines (on the right):

Figure 41: shows the analysis of the magnetic field relative to the cavity longitudinal position.

accommodate mechanical items and provide minimum spacing for vessels for cryogenic purposes. At the same
time, the overall length of 3 m could be maintained pending verification by the lattice designer.

A technology solution for the cryogenic requirement is proposed, based on the above parameters and cost
constraints. Investigations into cryogenics design lead to the decision to adopt a string cooling approach rather
than an individual module for the Pre-LINAC section. A CAD schematic is illustrating this in Fig. B.1.6.

A 2-phase common vessel provides the RF cavity jacket with cooling to 1.8K. This jacket surrounding the
cavity is kept to a minimum volume in order to reduce the amount of liquid Helium required. Using a 1.8K
temperature alleviates the requirement to invest in exotic materials for the cavities and a Niobium coating
suffices to maintain the gradient prerequisite.

Surrounding the 1.8K cavity jacket is a 5K chamber. The solenoid is located in this chamber ensuring it will
be superconducting, resulting in the negation of the need to manufacture the coils from Powder In Tube (PIT)
or Yttrium Barium Copper Oxide (YBCO) for instance.

The subsequent vessel in turn is a 40K shield acting as the intermediate temperature insulation. The outer
structure bringing it to room temperature and may contain a magnet shield if required. It further provides the
overall interface bellow between modules.

The input coupler resides within similar insulation layers to prevent its cooling. It further has intercepts at
the 5K and 40K shields before passing through the room temperature outer mantle.

This solution applies to the single cell 3m module and the two cell 5m module.

G Decay Ring Lattice Details

G.1 Injection

The six bunches in the ring cross one another alternately at two sets of three crossing points. Injection of each
pair of µ+ and µ− bunch trains can either be made simultaneously at one of these crossing points or with some
delay interleaved between crossing points. The first option is preferred since it allows a longer kicker rise and
fall time (Fig. 45) given by

C

3c
− tb (18)

where C is the ring circumference, c is light speed and tb is the time duration of a single bunch train. However,
simultaneous injection may not be made in the middle of the arc, since muon bunches of each sign would then
arrive at the end of a production straight simultaneously. In fact, injection must be at least a distance Lex on
either side of the arc centre where Lex is given by

Lex =
c

2
(tinib + nτηT0δ + tgap) (19)

where tinib is the initial bunch duration (250 ns), tgap is the desired gap between neutrino signals to be main-
tained for nτ mean decay times, δ is the fractional total momentum spread, η is the phase slip and T0 is the

Figure 42: Placeholder image: Include input coupler detail sketch showing isolation from cryo.
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Figure 43: Cryo schematic:

Figure 44: Module interface image (JParc 50 GeV neutrino beamline SC module)

revolution time. Placing an insertion in the production straight is also excluded since it would result in an
unacceptable increase in beam divergence. Therefore, the insertion can only be placed between the arc and the
matching section to the production straight. To maintain left-right symmetry an insertion must be included at
either end of the upper arc. However, insertions are not needed in the lower half of the ring and excluding them
helps to increase the production efficiency. Since the insertion contributes to the width of the upper half, the
lower arc must be increased in length. To reduce the number of distinct elements in the ring, this is done by
increasing the drift lengths while leaving the magnet lengths unchanged.

The zero dispersion insertion is made up of four FDF triplet cells with 3.7 m long drifts in which to place
injection magnets. As shown in Fig. 46, a symmetric arrangement of septa and kicker magnets about a central
empty drift allows injection of both muon signs from opposing directions. The horizontal phase advance per
cell is set close to π/2 to maximise the displacement at each septum owing to kickers located one and three
cells away. The peak fields of both kicker magnets must be equal in magnitude to allow simultaneous injection.
Injection settings are listed in Table 12. The injected beam reaches the closed orbit after passing through
two opposite polarity kicker magnets. The trajectory of the opposite sign muon bunch will be antisymmetric
reflected about the centre of the empty drift. This means that injection will be from the outside of the ring for
one muon sign and from the inside of the ring for the other. The available kicker rise/fall time, taking into
account debunching up to the point of injection of the final bunch, is approximately 1.37 µs. Apart from the
kicker rise/fall time, previous studies indicates that these parameters are realisable [? ].

A dispersion suppressor section is needed between the arc and the insertion section. The suppression is done
by following eleven normal arc cells with three in which the bend angle is reduced by 2

3 . The total number of
cells must be increased by two to conserve the total bend (176.4◦) in the arc. Note, since the total bend less
than π the insertion does not point in the direction of the detectors. Following the dispersion suppressor, an
optics matching section comprising four quadrupoles is added. The dispersion suppressor and matching section
optics are shown in Fig. 47.

G.2 Overall ring design

Figure 48 shows the lattice functions for the ring.

RF cavity parameters: 3m Module 5m Module
RF frequency (MHz) 201.25 201.25
Aperture Diameter (mm) 460 460
Cells per cavity 1 2
Energy gain/cavity (MeV) 11.2 22.4
Stored energy/cavity (J) 966 1932
Input power/cavity (kW) 490 980
RF on time (ms) 3 3
Loaded Q 106 106

Table 11: Pre-linac RF parameters
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Figure 45: Illustration of the two injection schemes. The grey and red bands represent muon bunches of
opposite sign counter-rotating in the ring. The horizontal axis shows the position in the ring with the origin at
the end of one of the production straights. The horizontal axis covers the circumference which is arbitrarily
chosen. As bunches reach either end of the horizontal range, they wrap around to the other side. The bunch
train length is given by the thickness of the band but ignores debunching. The blue arrows on the left and right
depict interleaved and simultaneous injection, respectively. The length of the arrows before and after the bunch
injection give the available kicker rise and fall time, respectively.

Figure 46: Schematic of the injection insertion showing the septum (blue triangles) and kicker (red squares)
magnets.

Tracking studies indicate that the dynamic aperture of the decay ring, assuming no lattice errors, is sufficient
to accommodate the required 30πmm acceptance for muons with a momentum spread up to 1%. Above this
momentum spread, the dynamic aperture is reduced owing to integer or half integer resonances. The momentum
acceptance could be improved by introducing sextupoles to reduce the large chromaticity in the ring (Table 2).
The phase space up to the last stable amplitude is shown for on-momentum muons in Fig. 49 and the dependence
of dynamic aperture on momentum spread is shown in Fig. 50.

The lattice, subdivided into its main parts (straights, arcs, insertion and matching sections), is described in
tables 14–19. Figure 51 shows the beam sizes in the ring, which will determine the required magnet apertures
and the pole tip fields in the quadrupoles. Assuming a 30% aperture beyond the beam sizes in Fig. 51, the
production straight quadrupoles have an inner radius of 20 cm and pole tips of 0.1 T; for the arc quadrupoles,
8 cm and 1.4 T; and for the insertion quadrupoles 9 cm and 1.1 T.

Table 12: Injection Settings
Angle Length Field Rise/Fall Time
(mrad) (m) (T) (µs)

Septum 67.5 3.0 0.75 -
Kicker 8.1 5.4 0.05 1.37
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Table 13: Lattice for straight cell. There are 28 such cells in each of the two straights. The magnet type
(superconducting, SC, or normal, NC) is given in the column headed “Type”.

Element Length (m) Field/Gradient (T/Tm−1) Type
QF 2.0 0.596 NC
Drift 8.0

QD 2.0 −0.596 NC
Drift 8.0

Cell length 20.0

Straight length 562.0

Table 14: Lattice for one of the fifteen lower arc cells. The magnet type (superconducting, SC, or normal, NC)
is given in the column headed “Type”.

Element Length (m) Field/Gradient (T/Tm−1) Type
QD 0.8 −16.76 SC
Drift 0.395

Dipole 2.139 −1.6 SC
Drift 0.395

QF 0.8 17.25 SC
Drift 0.395

Dipole 2.139 −1.6 SC
Drift 0.395

Cell length 7.456

Arc length 112.729

Table 15: Lattice for the upper arc. There are 11 repeating cells and 3 dispersion suppressor cells (at either
end) with one missing and three modified dipoles. The magnet type (superconducting, SC, or normal, NC) is
given in the column headed “Type”.

Element Length (m) Field/Gradient (T/Tm−1) Type
Repeating cell ×11

QD 0.8 −16.26 SC
Drift 0.3

Dipole 2.139 −1.6 SC
Drift 0.3

QF 0.8 16.26 SC
Drift 0.3

Dipole 2.139 −1.6 SC
Drift 0.3

Cell length 7.08

Dipoles in 3 dispersion suppressor cells
Dipole 2.139 −1.597 SC
Dipole 2.139 −1.6 SC
Dipole 2.139 −0.971 SC
Dipole 2.139 −1.6 SC
Dipole 2.139 −0.632 SC
Arc length 121.16
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Table 16: Lattice for one of the 4 FDF insertion cells. The septum or kicker magnets (defined in Table 12) are
located in the long drifts as shown in (Fig. 46. The magnet type (superconducting, SC, or normal, NC) is given
in the column headed “Type”.

Element Length (m) Field/Gradient (T/Tm−1) Type
QF 0.8 12.84 SC
Drift 0.5

QD 1.6 −11.61 SC
Drift 0.5

QF 0.8 12.84 SC
Drift 3.7

Cell length 11.6

Insertion length 46.4

Table 17: Lattice for matching section beween end of upper arc and insertion. There are two such matching
sections at either end of upper arc. Note the final quadrupole is identical to an insertion QF. The aperture is
given by the beam envelope plus 30%. The magnet type (superconducting, SC, or normal, NC) is given in the
column headed “Type”.

Element Length (m) Field/Gradient (T/Tm−1) Aperture (m) Type
Drift 0.51

QF 0.8 7.55 0.067 SC
Drift 1.92

QF 0.8 23.903 0.075 SC
Drift 0.568

QD 0.8 −20.721 0.108 SC
Drift 0.5

QD 1.6 −1.691 0.101 SC
Drift 0.5

QF 0.8 12.84 SC
Matching section length 8.793
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Table 18: Lattice for matching section beween the insertion and the production straight. There are two such
matching sections on either side of the racetrack. The aperture is given by the beam envelope plus 30%. The
magnet type (superconducting, SC, or normal, NC) is given in the column headed “Type”.

Element Length (m) Field/Gradient (T/Tm−1) Aperture (m) Type
Drift 0.5

Dipole 2.0 −1.063 0.067 SC
Drift 1.5

QF 0.4 20.935 0.073 SC
Drift 2.1

Dipole 2.0 0.860 0.171 SC
Drift 3.5

QD 0.4 −8.524 0.258 SC
Drift 1.2

QD 0.8 −6.391 0.256 SC
Drift 1.2

QF 0.4 16.895 0.19 SC
Drift 1.2

Dipole 2.0 −0.320 0.189 SC
Drift 1.2

Matching section length 20.4

Table 19: Lattice for matching section beween lower arc and the production straight. There are two such
matching sections on either side of the racetrack. The aperture is given by the beam envelope plus 30%. The
magnet type (superconducting, SC, or normal, NC) is given in the column headed “Type”.

Element Length (m) Field/Gradient (T/Tm−1) Aperture (m) Type
Drift 0.9

Dipole 2.0 0.591 0.077 SC
Drift 1.5

QF 0.4 14.231 0.106 SC
Drift 5.0

Dipole 2.0 −0.645 0.159 SC
Drift 3.5

QD 0.4 −6.555 0.230 SC
Drift 1.1

QD 0.8 −5.729 0.231 SC
Drift 1.1

QF 0.4 12.186 0.187 SC
Drift 1.1

Dipole 2.0 −0.468 0.189 SC
Drift 1.1

Matching section length 23.3
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Figure 47: Matching from arc to insertion calculated using MAD-X[51].
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Figure 48: Decay ring optics. The origin corresponds to the middle of a production straight and the optics of
the upper part of the ring are shown on the left.
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Figure 49: Phase space plots in the horizontal (top) and vertical (bottom) planes up to the maximum stable
amplitude in an ideal lattice assuming zero momentum spread. Single particles were tracked for four mean
decay times. The innermost black points show the required 30π mm acceptance. The other amplitudes, shown
in red, blue and green, are 60π mm, 180π mm and 360π mm, respectively.
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Figure 50: Dynamic aperture for off-momentum particles. The horizontal line shows the required acceptance.
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Figure 51: Full beam sizes in the ring.
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Lead authors: PS, ABr, JM, RT

68



I Cost estimate

Lead authors: JPa, AK

69


	Introduction
	Physics at the Neutrino Factory
	The physics case for advanced neutrino experiments

	The Neutrino Factory Accelerator Complex
	Proton Driver
	Target
	Front End
	Acceleration
	Decay Ring

	Detector systems for the Neutrino Factory
	Conclusions
	Incremental Development of a 10 GeV Neutrino Factory
	Neutrino Factory baseline
	Staging Schemes
	Rate Staging
	Physics Reach of a Staged Facility

	Conclusion
	PPEG appendices
	The Muon Front End
	Decay Region
	Particle Selection System
	Chicane Energy Deposition Studies
	Modifications to the RF capture system
	Ionisation Cooling Channel
	Summary

	Front End Engineering
	Buncher and Phase Rotation
	Cooling

	Acceleration Engineering
	Pre-LINAC

	Decay Ring Lattice Details
	Injection
	Overall ring design

	Detector working group appendices
	Cost estimate

