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1 Introduction

Lead author: KL

2 Physics and Performance Evaluation Group

Lead authors: AD, PH, SP, WW, OY

3 Accelerator Working Group

3.1 Overview

Lead authors: SB, YM, JP, CP

3.2 Proton driver

Lead authors: CP, J.Pasternak

3.3 Target station

Lead authors: CD, HK

3.4 Muon front end

In the muon front end we are considering improvements to the baseline configuration. Recent
experimental results indicate that RF cavity peak fields may be limited in the presence of
magnetic fields, and we are investigating a number of techniques to mitigate this technical risk.
In addition, we are considering the optimisation of the baseline to improve the muon rate and
to reduce the length of the macrobunch, which may ease requirements on kickers and the muon
storage rings.

3.4.1 Baseline optimisation

We are optimising the baseline approach presented in the ISS toward specification in the cost
estimate exercise of IDS-NF. We are developing a baseline which is ∼ 30% shorter than the ISS
case and therefore more economical, while exploring the RF-dependent performance, so that we
will have a solution with good acceptance, if the RF peak gradient specification must be reduced.
The candidate baseline starts with the tapered solenoid from the target (20 T to 1.5 T), where
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we have alotted 18.9 m for this tapered region to be followed by a drift of 60.7 m length at
a constant 1.5 T field. This is followed by a 33 m long buncher with RF that decreases in
frequency from 320 MHz to 240 MHz while increasing in gradient (from cavity to cavity). This
is followed by an RF rotator (42 m), which then matches into an alternating solenoid cooling
channel. The buncher and rotator operate with a 1.5T focusing field.

3.4.2 Alternative Technologies

Three alternative technologies are under consideration. We are examining the possibility of
moving to a low RF frequency lattice, increasing the lattice length to remove the RF cavities
from magnetic fields, and operating with high pressure gas to act as an insulator for the cavities.

3.4.2.1 44/88 MHz lattice

This lattice is composed of a 30 m long decay channel in 1.8T magnetic field, followed by a
rotation section, a cooling section using H2 absorbers, and an acceleration section, all three
using 44 MHz cavities operating at 2 MV/m. Another cooling and acceleration section follows
using 88 MHz cavities operating at 4 MV/m. Previous simulation performed using an energy
of 2 GeV for the proton driver shows that the energy spread is reduced by a factor of 2 in the
rotation stage. The transverse emittance in each plane is reduced by 40% in the first cooling
section and by an additional 30% in the second cooling section.

3.4.2.2 Stretched lattice

Here RF cavities are taken outside of the magnetic fields by making the lattice cell longer and
introducing a modicum of shielding around the coil. While this abrogates the issue of RF cavities
sitting in magnetic fields, it makes the beam optics more challenging. This necessitates the use
of liquid Hydrogen absorbers in the cooling section, possibly a more challenging technology,
and quite an aggressive optimisation of the beam optics. Simulations show that a reasonable
performance can be achieved, close to that which can be reached by the baseline.

3.4.2.3 High Pressure RF lattice

Update to go here

3.4.3 Other Options

We are also considering a few other options, for example the use of a helical magnet or tilted
solenoid that would introduce dispersion into the beam. This may allow emittance exchange,
where emittance is reduced in both transverse and longitudinal phase space. In addition, we are
looking at a few novel options for the cooling lattice, such as a doublet magnet structure.
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3.5 Muon acceleration

3.5.1 Muon linac and RLAs

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. The need for large transverse and longitudinal acceptances
[1] drives the design of the acceleration system to low RF frequency, e.g. 201 MHz. High-
gradient, normal conducting RF cavities at these frequencies would require very high peak-power
RF sources. Hence, superconducting RF (SCRF) cavities are preferred. In the acceleration
scheme presented we choose a state-of-the-art SCRF gradient of 17 MV/m.

3.5.1.1 Muon RLA complex

The proposed recirculatiting-linear-accelerator (RLA) based muon accelerator complex con-
sists of the following components:

1. A 201 MHz SCRF linac pre-accelerator that captures the large muon phase space coming
from the cooling channel lattice and accelerates the muons to relativistic energies, while
adiabatically decreasing the phase-space volume,;

2. A low energy RLA (RLA I) that further compresses and shapes the longitudinal and trans-
verse phase-space, while increasing the energy to 3.6 GeV; and

3. A second stage RLA (RLA II) that further accelerates muons to 12.6 GeV.

The overall layout of the accelerator complex is shown in figure 1.

Figure 1: Layout of the accelerator complex. For compactness all components (the linac and the two RLAs)

are stacked vertically; µ± beam transfer between the accelerator components is facilitated by the vertical double

chicane (see text).
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3.5.1.2 Linear pre-accelerator

A single-pass linac “pre-accelerator” raises the beam energy to 0.9 GeV. This makes the muons
sufficiently relativistic to facilitate further acceleration in an RLA. In addition, the longitudinal
phase-space volume is adiabatically compressed in the course of acceleration [2]. The large
acceptance of the pre-accelerator requires large aperture and tight focusing at its front-end.
Given the large aperture, tight space constraints, moderate beam energies, and the necessity
of strong focusing in both planes, we have chosen solenoidal focusing for the entire linac [1].
To achieve a manageable beam size in the linac front-end, short focusing cells are used for the
first 6 cryo-modules. The beam size is adiabatically damped with acceleration. This allows the
short cryo-modules to be replaced with eight intermediate-length cryo-modules and then with
11 long cryo-modules as illustrated in figure 2. The initial longitudinal acceptance of the linac
is chosen to be 2.5σ, i.e. ∆p/p = ±17% and RF pulse length ∆φ = ±72◦. To perform adiabatic
bunching [1,3] the RF phase of the cavities is shifted by 72◦ at the beginning of the pre-accelerator
and then gradually changed to zero by the end of the linac. In the first half of the linac, when the
beam is still not completely relativistic, the offset causes synchrotron motion which allows bunch
compression in both length and momentum spread, yielding ∆p/p = ±7% and ∆φ = ±29◦. The
synchrotron motion also suppresses the sag in acceleration for the bunch head and tail. In our
tracking simulation we have assumed a particle distribution that is Gaussian in 6D phase space
with the tails of the distribution truncated at 2.5σ, which corresponds to the beam acceptance.
Despite the large initial energy spread, the particle tracking simulation through the linac does
not predict any significant emittance growth. There is a 0.2% beam loss coming mainly from
particles at the longitudinal phase space boundary. Results of the simulation are illustrated in
figure 3, which shows ‘snapshots of the longitudinal phase space at the beginning and at the end
of the pre-accelerator.

3.5.1.3 Main acceleration system

The superconducting accelerating structure is expected to be by far the most expensive com-
ponent of the accelerator complex. Therefore, maximizing the number of passes in the RLA has
a significant impact on the cost-effectiveness of the overall acceleration scheme [3]. We propose
to use a 4.5 pass Dogbone configuration for the RLA (figure 1Fig. 1), which has the following
advantages compared to a Racetrack configuration:

• Better orbit separation at the linac ends resulting from a larger (factor of two) energy
difference between two consecutive linac passes [4]; and

• A favourable optics solution for simultaneous acceleration of both µ+ and µ in which both
charge species traverse the RLA linac in the same direction while passing in the opposite
directions through the mirror symmetric optics of the return ‘droplet arcs [5].

The Dogbone multi-pass linac optics are shown in 4. The Dogbone RLA I simultaneously
accelerates the µ+ and µ beams from 0.244 GeV to 3.6 GeV. The injection energy into the
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Figure 2: Top: Transverse optics of the linac - uniform periodic focusing with 6 short, 8 medium, and 11 long

cryo-modules. Bottom: Layout of the short, intermediate and long cryo-modules.

Figure 3: Particle tracking results showing adiabatic bunch compression along the linac. The longitudinal phase-

space (z, ∆p/p) is shown before (left) and at the end (right) of acceleration. Particles marked in green are lost

during tracking (outside the 20 cm aperture).

RLA and the energy gain per RLA linac were chosen so that a tolerable level of RF phase
slippage along the linac could be maintained. We have performed a simple calculation of the
phase slippage for a muon injected with initial energy E0 and accelerated by ∆E in a linac

5



of length L, where the linac consists of uniformly spaced RF cavities phased for a speed-of-
light particle. Our calculation used the following cavity-to-cavity iterative algorithm for the
phase-energy vector:

Chris!Needhelplayingoutthisequation! (1)

where φ represents the phase slip of the bunch centroid at a given cavity (in degrees of 201 MHz
RF), h = Llinac/Ncav, λ = c/f0, k is the particle index, i = 0, . . . Ncav1, and Vi is the maximum
accelerating voltage in cavity i. The resulting phase slippage profiles along the multi-pass RLA
linacs can be summarized as follows. For the RLA injection energy of 0.9 GeV, the critical
phase slippage occurs for the initial ‘half-pass through the linac and it is about 40◦, which is
still manageable and can be mitigated by appropriate gang phase in the following linac (1-pass).
For subsequent passes, the phase slippage gradually goes down and can be used, along with
the sizable momentum compaction in the arcs, to compress the longitundinal phase space of
the beam further. The initial bunch length and energy spread are still large at the RLA input
and further compression is required in the course of the acceleration. To accomplish this, the
beam is accelerated off-crest with non-zero momentum compaction (M56) in the droplet arcs [3].
This induces synchrotron motion, which suppresses the longitudinal emittance growth arising
from the non-linearity of the accelerating voltage. Without synchrotron motion, the minimum
beam energy spread voltage over the bunch length and would be equal to (1− cosφ) ∼ 9% for
a bunch length φ = 30◦. The synchrotron motion within the bunch averages the total energy
gain of particles in the tail to the energy gain of particles in the core. The focusing profile along
the linac of the Dogbone RLA is designed so that beams within a vast energy range can be
transported within the given aperture. It is also desirable that the focusing profile is optimized
to accommodate the maximum number of passes through the RLA.

In addition, to facilitate simultaneous acceleration of both µ+ and µ− bunches, a mirror sym-
metry must be imposed on the ‘droplet-arc optics (oppositely charged bunches move in opposite
directions through the arcs). This puts a constraint on the exit/entrance Twiss functions for
two consecutive linac passes, namely βn

out = βn+1
in and αn

out = αn+1
in , where n = 0, 1, 2 . . . is the

pass index. Since the beam is traversing the linac in both directions throughout the course of
acceleration, a ‘bi-sected focusing profile [5], illustrated in 4, has been chosen for the entire linac.

At the ends of the RLA linacs, the beams need to be directed into the appropriate energy-
dependent (pass-dependent) ‘droplet arc for recirculation [4]. For practical reasons, horizontal
rather than vertical beam separation was chosen. Rather than suppressing the horizontal dis-
persion created by the spreader, the horizontal dispersion has been smoothly matched to that
of the outward 60◦ arc. Then, by an appropriate pattern of removed dipoles in three transition
cells, the dispersion for the inward bending 300◦ arc is flipped. The droplet arc layout is shown
in 5. The entire ‘droplet-arc’ architecture is based on 90◦ phase advance cells with periodic
beta functions. The droplet-arc optics, which is based on FODO focusing [3], is illustrated in 5,
which also shows the longitudinal phase-space occupied by the beam at the entrance and at the
exit of the arc. The momentum compaction is relatively large, which guarantees significant ro-
tation in the longitudinal phase space as the beam passes through the arc. This effect, combined
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Figure 4: FODO based multi-pass linac optics. The quadrupole gradients scale up with momentum to maintain

90 phase advance per cell for the first half of the linac, then they are mirror reflected in the second half. The

resulting linac optics is well balanced in terms of Twiss functions and beam envelopes; there is sufficient phase

advance up to the fifth pass.

with off-crest acceleration in the subsequent linac, yields further compression of the longitudinal
phase-space as the beam is accelerated.

To transfer both µ+ and µ− bunches from one accelerator to the other, which is located
at a different vertical elevation, we use a compact double chicane [5] based on a periodic 90◦

phase advance cell (in FODO style). Each ‘leg of the chicane involves four horizontal and two
vertical bending magnets, forming a double achromat in the horizontal and vertical planes, while
preserving periodicity of the beta functions.

3.5.1.4 Accelerator performance

The 6D distribution at the end of the cooling channel [5] was used to define initial longitudinal
and transverse acceptances. The 6D distribution was then traced through all stages of the
accelerator complex. The resulting longitudinal emittance evolution is shown in figure 5. The
phase space at the RLA exit is characterized by ∆p/p = 0.012 (rms) and ∆z = 8.5 cm (rms).
A similar end-to-end tracking study was carried out for the transverse phase space. Overall,
2% of the beam was lost out of the dynamic aperture. These losses may be mitigated by using
chromaticity correcting sextupoles [4] placed at the spreader and recombiner regions of the
droplet arcs.
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Figure 5: Top: ‘Droplet arc optics, showing the uniform periodicity of beta functions and dispersion. Bottom:

Particle tracking results showing the longitudinal phase-space compression. The longitudinal phase space (s [cm],

∆p/p× 1000) is shown at the beginning (left) and at the end (right) of the arc.

3.5.1.5 Linac and RLA conclusions

In summary, the results of our study suggest that there are no obvious physical or technical
limitations precluding design and construction of an accelerator complex based on a pair of 4.5-
pass Dogbone RLAs for acceleration of muons to 12.6 GeV. Design choices made in the proposed
acceleration scheme were driven by the beam dynamics of large phase-space beams. Finally, the
presented end-to-end simulation validates the efficiency and acceptance of the accelerator system.

3.6 Muon FFAG

Lead authors: SB, SM

3.7 Muon storage rings

Lead authors: MA, CP
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4 Detector Working Group

4.1 Overview

Lead authors: ABr, AC, NM, PS

4.2 Software and analysis framework

Lead authors: AC, NM, PS

4.3 Magnetised Iron Neutrino Detector

Lead authors: AC, PS, AL

4.4 Totally Active Scintillator Detector

Lead authors: ABr, ME

4.5 Near detector

The main aim of the Near Detector of the Neutrino Factory is to help minimize the systematic
errors associated with the oscillation measurements at the far detector. This includes precisely
measuring the absolute neutrino flux as well as the relevant neutrino cross sections needed to
estimate the background to oscillation measurements at the far detector.

The importance of a Near Detector to the physics program of the Neutrino Factory was
emphasized most recently by the work of Tang and Winter [6]. In figure 6, the allowed sin2θ13-
δCP region for a neutrino factory with one and two far detectors is illustrated. As can be seen,
the impact of near detectors is very large for both the one and two detector scenarios.

A secondary goal of the Near Detector is to take advantage of the large flux of neutrinos for
a dedicated study of neutrino-nucleus interactions looking for new physics and non-standard
interactions. It has been pointed out [6] that near detectors could be very relevant for the ex-
traction of neutrino source non-standard interactions since these would exhibit an unambiguous
zero-distance effect. Because there are no tau neutrinos in the beam, Tang and Winter suggest
that the most interesting option may be to use near detectors to measure νtau appearence.
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Figure 6: CP violation discovery reach as a function of true sin2θ13 and the fraction of (true) δCP for one far

detector (left) and two far detectors (right) at the 3σ CL

4.6 Simulation of the neutrino beam and measurement of the neutrino flux

at the Near detector

Full simulation of the neutrino beam for all neutrino flavours and including polarization states
of the muon are now available [7,8]. The energy distribution of the resulting neutrino events for
both νµ and νe and for both polarization states of the parent muon is shown in figure 7. The
vertical dotted lines are explained in the next section.
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Figure 7: Distributions of the neutrino energy over a near detector of radius 1.5 m for the two polarizations of

the decaying muons. Dotted lines indicate the threshold for the leptonic processes used to determine the neutrino

flux.

The quasi-elastic scattering off electrons can be used to measure the flux, because its absolute
cross-section can be calculated theoretically with enough confidence. The two processes of
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interest for neutrinos from µ− decays are:

νµ + e− → νe + µ−; (2)

and

ν̄e + e− → ν̄µ + µ−. (3)

Both processes have a threshold at ∼ 11 GeV . The energy spectra of the beam neutrinos hitting
the near detector are shown in figure 7, where the threshold for the two processes of interest is
shown with doted line.

If we want to measure the neutrino flux by using the quasi-elastic scattering off electrons
(for earlier measurements of these processes see [9, 10]), the near detector has to be able to
distinguish between the leptonic events (processes (2) and (3)) and inclusive charged-current
(CC) neutrino interactions with nucleus νµ +N → µ−+X, which are a few orders of magnitude
more intensive. This implies that the near detector must be able to measure the angle between
the beam axis and the direction of the outgoing muon θµ, the momentum of the outgoing muon,
thus the energy Eµ, the transverse momentum p⊥, and the total recoil (hadronic) energy Ehad.

Different variables for suppression of the background from inclusive νN CC reactions have
been examined:

• muon scattering angle θµ;

• transverse momentum p⊥;

• Eµ ∗ θ2
µ; and

• recoil (hadronic) energy Ehad.

Spectra of the events over smeared θµ and Eµ ∗ θ2
µ for several resolution scenarios and for cuts

on the recoil energy depicted have been performed. Examples are shown in figures 8 and 9. or a
decisive choice more detailed simulation of the background with θµ → 0 is needed, since it was
shown earlier [11] that θµ is more efficient than p⊥ for signal extraction.

4.7 Plans for 2010

Our plans for the year 2010 include:

• specification of detector design and size;

• full GEANT4 simulation to obtain “true” values of the measurables;

• implementation of some reconstruction and obtaining of “measured” values; and

• definition of a procedure for flux determination based on statistical subtraction of the inclu-
sive background and estimation of expected uncertainties.
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Figure 8: “Measured” distributions over the polar angle θµ (left) and the variable θ2
µE (right) of the outgoing

muons smeared with the following resolutions: σ(θ) = 0.1 mrad;
σ(Eµ)

Eµ
= 1%; σ(Ehad)

Ehad
= 1%. The leptonic

events (1888 altogether) are filled with gray, the hadronic events (601 on the left panel and 838 on the right one)

are plotted in gray and the total spectrum (2476 events on the left and 2725 events on the right) is in black. The

cut value is denoted by black inverted triangle. Doted lines indicate the background extrapolation which gives,

below the cut value, 455±53 events on the left and 1127±26 events on the right.
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Figure 9: “Measured” distributions over the polar angle θµ (left) and the variable θ2
µE (right) of the outgoing

muons smeared with the following resolutions: σ(θ) = 1.0 mrad;
σ(Eµ)

Eµ
= 10%; σ(Ehad)

Ehad
= 10%. The leptonic

events (1888 altogether) are filled with gray, the hadronic events (642 on the left panel and 893 on the right one)

are plotted in gray and the total spectrum (2424 events on the left and 2726 events on the right) is in black. The

cut value is denoted by black inverted triangle. Doted lines indicate the background extrapolation which gives,

below the cut value, 587±64 events on the left and 1196±26 events on the right.
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