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Abstract
The EUROnNu project has studied three possible options for future, high intensity neutrino
oscillation facilities in Europ€he first is a Super Beam, in which the neutrinos come from the
decay of pions created by bombardimgets with a 4 MW proton bedimom the CERN Hip
Power Supeonducting Proton Linac. The far detector for this facility is the 500 kt MEMPHYS
water Cherenkov, located in th§u& tunnel. The second facility is the Neutrino Factory, in which
the neutrinos come from the decayoard © beams in a storage rifipe far detector in this case
is a 100 kt Magnetised Iron Neutrino Detector at a baseline of 2000 km. The third option is a Beta
Beam, in which the neutrinos come from the decay of beta emitting isotopes, in $héetianthr
1&Ne, also stored ia ring. The far detector is atbe MEMPHYS detector in tH&éus tunnel.
EUROnNu has undertaken conceptual designs of these facilities and studied the performance of the
detectors. Based on this, it has determined the physicefreach facility, in particular for the
measurement of CP violationthe lepton sector, arstimaed the cost of constructiomhese
havedemonstrated that the beatifity to builds the Neutrino FactoryHowever, fia powerful
proton driver is constructed fasnother purposer if the MEMPHYS detector is built for
astrgarticle physics, tt8uper Bearalsobecones very attractive.



Introduction

The discovery that the neutrino changes type, or flavour, as it travels through space, a
phenomenon referred to as neutrino oscillations, implies that neutrinos have a tiny, but non
zero mass, that lepton flavour is not conserved, and that the Standard Model of particle
physics is incomplefg]. The implications of these observations aned@hing: neutrino
interactions may be pemsible for the removal tfe antimatter created in the Big Bang

from the early Universe; the neutrino may have played a central role both in creating the
homogeneous Universe in which we live and in the fonnwdtthe galaxies; and, perhaps

most fundamental of all, the neutrino may have played a crucial role in the birth of the
Universe itself. Knowledge of the contribution of neutrinos in these areas requires precise
measurements of parameters governingmzoscillations.

The theoretical description of neutrino oscillations is based on the assumption that there are
three neutrinos, each of which has a tiny mass (the mass eigenstates). No two neutrinos have
the same mass. Under this assumption, quanturamuscimplies that the three neutrino
flavours may be considered to be mixtures of the three mass eigenstates, the relative weight
of the mass eigenstates differing from one neutrino flavour ttterandhe standard
phenomenological descriptiohneutrinooscillations then hdgur mixing parameters and

two massglifference paraaters Three of the mixing parameters take the form of mixing
angleslabeled3, G, andG, whilethe fourth is a phase paramglaeled/4., which, if it

is nonzero, causes the interactions of neutrinos to be different to thoseneilizirios,

violating the matteantimatter symmetry that is present in the Standard Model-i.e. CP

violation.The mass differences are givenDhy, = m: - m>andDmZ, = m? - m?, where
m,, m, and m are he masses of the mass eigenstates.

At the start of EUROnNu, only the first two mixing angles and the two mass differences had
been measured. It was already clear that to measure the rgrasannagers, the last

mixing parametef, the CP phase and the signf, (the secalled mass hierarchy),

would require new neutrino oscillation facilities. During EUROnu, a number of new
facilities, in particular three in whigutrinos are produced in nuclear reactors (Daya Bay,
Double Chooz and Reno) and one which makes them using a proton accelerator (T2K),
have made the first measurement of the @agléhese have demonstratieat this angle is

large, around®92, 3, 45], which means thale remaining two unknown parametef

neutrino oscillatiorare now within reachnd thatprecise measurements are possible
However, anew, high intensity neutrino oscillation facility with betterotledt systematic

errors igequired to deliver treephysics goals.

EURONnu was a Design Study within the European Commission Seventh Framework
Programme, Research Infrastructuriefias investigatethree possible options for the
future, high intensity neutrino oscillation facility in Eurapke to make these
measurement$he work was donlgy the EURONuU consortium, consisting of 15 partners
and a further 15 associate partr@rs [

The three facilitiegtudied are:

1 The CERN to F&jus Super éam, using the 4 MW version of the Superconducti
Proton Linac (SPL) at CERN].[The baseline far detector is a 500 kT fiducial mass
waterCherenkv detector, MEMPHYS]8



1 The Neutrino Factory, in which the neutrino beams are produced &ameddy of
muonsin a storage ring. This work has bdene in close collaboration with the
International Design Study foNeutrino Factory (IDSF) [9.

1 The Beta Beam, in which the neutrino beams are produced from the decay of beta
emitting ions, agastored in a storage ring.

The project started on*1September 2008 anah for four yearsThe work done on the
acceleratdiacilities, the detectors amu @etermininghe physics performanaed the cost
aredescribed in the followirsgctions.

The Super Beam

A Super Beam creates neutrinos by impinging a high power proton beam onto a target and
focussing the pions produced towards a far detector using a magnetic howtribs ne

come from thelecayof pions in a decay tunnel following the targes, phaducing a beam

in the direction of the tunn@ee Figure)LEURONuis studying the CERN to Fué Super

Beam, using the High Power SuperconductingrPtaohac (HPSPL [7] as the proton

driver, producing 4 MW beamFull details of the work donenche found in [10]The

baseline is 13m and theplanned far detector is the 30D fiducial mass MEMPHYS

water Chemkov detector 8 This would be built in two new caverns in thgigtannel.

SPL (4-5 GeV, 4 MW) Accumulator
| : ring

proton driver

Magnetic

horn capture p (50 H Z)

(collector)

v, 1 hadrons

decay tunnel

~300MeV v, beam to far detector

Figure L:ayout of the CERN to Fréjus Super Beam.

The High Power Superconducting Proton Linac will produce a 4 MW beam at 5 GeV and
operate at a frequency of 50 Hz. It will consist of a number of sections. The first is these, up

to 160 MeV, will be about 90 m long and will be normally conducting. Thewew

version of this, Linac 4 [12], is currently under construction at CERN. The remaining three
sections will be superconducting and will accelerate the beam to 0.7, 2.5 and 5 GeV,
respectively. The SPL will accelerate 42 bunches in a pulse, witd apulsee i on of 600
which is too long for Super Beam operation. Hence an Accumulator ring will be used to
reduce the number of bunches to 6, each 120 ns in length with gaps of 60 ns, resulting in a
pul se | engt h tegquisementomiagnfrom e operatio@ sA significant



amount of design work has already been done on the SPL and R&D has started on many
components [13].

Given the difficulty in producing a singlegtemnd horn able to work in &V beam, the

option taken in EUROnNu is to usaufmf each instead. The befiom the Accumulator

will then be steered on to each target in turn, so that thay @&ll2.54z rather than 50

Hz andreceive 1 MW. For the targets and the horns, this results in a smaller extrapolation
from technology aag in useTo achieve this, a system of tacker andour bending
magnets has been designed to steer the beam on to each targdee Figare 2)

Figure 2: The Stdgmam beam transport and distribution system.

An outline design fahe 4 targeand horn system is st in Figure 3To minimize the
production of thermal neutrons and hence reduce the heat load and radiation damage to the
surrounding hom®) the baseline design for the taiged pebble bed, consisting3ahm

diameter spheres tifanium in a caniste200 nm long(see Figure)4These are cooled by

flowing helium gashrough vents in the canistett around 10 bar pressufdermal

modeling shows that this shouldshéicientto cool the targetsp to a fewMW. To verify

this dffline tests of the cooling systevill be undertaken in the future. Thesk use an

inductive coil to heat the target at the required level and demonstrate that this heat can be
successfully removed test targetvill also be subjected to a beam of the correct energy
density usinghe HiRadMat [Jl4facility at CERN, to further verify the cooling and
demonstrate that the titanium spheres and the target structure can withstand the thermal
shock from the beam.



Figure:3onceptual engineering design of the 4 target and horn system for the Super Beam.

The focusing horn design has been optimized for the CERN to Fréjus beam. It will employ
a single horn around the target, and will not have a reflector. As éogete four horns

will be used and will need to be pulsed at 350 kA, resulting in significant heating. Further
heating will come from beam loss, resulting in a maximum of 12 kW on the surface around
the target. Studies with thermal codes show thatthie camoved with water cooling of

the outer surface of the horn. The thermal stresses in the horn material resulting from the
heating are a maximum of 18 MPa and prototype tests will be required to determine what
the lifetime of a horn will be due to ttesulting fatigue and from radiation damage. A
support system for the 4 horn system under this load has been designed. The final aspect of
the horn system is a pulsing circuit to deliver the required current at up 17 Hz (in case of the
failure of one targehorn combination). A circuit to do this has been designed and it is
planned to build a prototype of it (see Figure 5).

—» Cold flow in Y

<4— Hot flow out
L
X

Figure 4: Proposed pebble bed target for the Super Beam.



The targets and horns will need to be mounted in a target station ahglhallchange,
storage and maintenance of targets and horns, in case of failure. To enable this, the target
station will have a number of separate sections and activation studies have been done to
determine the shielding requirements for each. A dedigs bas been made, based on
these studies and experience gained with the T2K target station. It incorporates remote
handling facilities, a hot cell for maintenance and a storage area for old targets and horns,
called the morgue. It will allow acceskédactitical components of the system, for example
the power supplies for the horns, and will allow the safe removal of activated components
for disposal. The section of the target station that contains the targets and horns is shown in
Figure 6.

10uf capacitors

recovery discharge
diode

12kV

4M

charging recovery
M coil coil
M

Figure:Design of the pulsing system for the Super Beam horns

Figure 6: Conceptual design of the section of the target station for the 4 targets and horn systems
enters from the left. The horn pulsing circuits will be mounted qrstothefsiinig simiedoaxit
vertically.



To allow the determination of the physics performance, the pion and neutrino production by

the Super Beam have been simulated. The resulting flavour comgpiotitiobbeam is
shown in Figure 7or both neutrino and amie ut r i no

contamination in the beam is significantly less than 1% in both cases.
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Figure:7The composition of the neutrino beam produced by the Super Beam facility.

Neutrino Factory

In a Neutrino Factorji 5], the neutrinos are produced from the decay of muons in a storage
ring. The muons are produced by impinging a 4 MW proton beam onto a heavy metal target

solenoid. InHhe original baseline, the muons from the pion decay are captured, bunched,
phase rotated and finally cooled in the muon-&at before being accelerated using a

linac, two recirculating linear accelerators (RLAs) and -gcadimg Fixed Field Altermagi

Gradient accelerator {REAG) to 0.9 GeV, 3.6 GeV, 12.6 GeV and 25 GeV, respectively
(see Figure 8). The muons are then injected into two storage rings, to produce beams of

neutrinos and aatie ut r i
electron neutrino and muon amte u t r i

nos

t o

no

t wo ¥ bemams wil eroceicptre® r s .
b evith pnadyce puite ielécon nti

St

neutrino and muon neutrino beams. To be able to distinguish signal from background, it is

essS

enti al t hat

baseline detector is a Magnetised Iron Neutrino Detector (MIND).

However,

foll owi

ng

t heff amithmh efficncy. As acresult, tteep ar a't

t B ¢he requice@ muon energy $rasrbeeme n t
reduced to 10 GeV and only one decay ring will be used. The envisaged nelitienis base
now around 2000 km.

Two options are under consideration for the Neutrino Factory proton driver. The first is a
superconducting linear accelerator. Indeed, if the facility was to be built at CERN, this

C

0



would be the HFSPL [7]. This would be follovey an Accumulator ring, as for the Super
Beam, and a Compressor ring to reduce the proton bunch length to 3 ns. The other option
employs a rapidly cycling synchrotron, working at 50 Hz, to accelerate the beam to 10 GeV.
This would use a normally condugtinear injector to accelerate the beam to 180 MeV.

Neutrino Beam

Proton Driver:
o— Linac option

Ring option
Muon Decay
- Ring
)
3 755 m
I -
= o
@ —
> £ 8 ©
= 3 £ o
- m a O

Q@---

Linac to 0.9 GeV 0.9-3.6 GeV RLA

@ 3.6-12.6 GeV RLA
12.6-25 GeV FFAG)

Muon Decay Ring IDS-NF Baseline 2010/2.0

Figure:®riginal baseline layout of the Neutrino Factory.

The baselinpion productiortarget is a continuoliguid mercury jefThis would be fired
across the proton beam at a small angle sdhthdieam and target overlap for two
interaction length3he pions produced would be focused by a combined normal ard super
conducting magnet of 20 T around the target (see 8jgBath the beam and target would
also be at a small angle to the axieeotblenoidal field, so that the mercury collects in a
pool. As well as allowing the mercury to b@rcelated, this could also form a part of the
proton beam dump. The magnetic field would be ramped down adiatmtically at the
entrance of the pmdecay channalsing a suca@sn of superconducting coils. However,
smulations of secondapgrticle production in the target asudbsequent absorption in the
super-conducting coils hawhown thathe heat loaéh thecoils aroundand close tohe
target is much too large, upS0kW. The main problem comes freetondary nenans.

Various options are being considered to reduce this heating. The most obvious is simply to
add more shielding. It has been demonstrated that this will work, but it eerulidthan the

radius of the sup@onducting coils would double, making these significantly more difficult

to build and operate. A study of pion production has shown that similar production rates to



those in mercury can be achieved with lower atomic naelebwnts (see Figure 10), but

these may produce significantly fewer neutrons. As a result, targets with lower atomic
number are under study. An interesting candidate is gallium, which has a low enough melting
point that it could be used as a liquid, imdas way to a mercury jet. In addition, the fact

that it is a solid at room temperature makes storage and disposal after activation significantly
easier.

Window Water-Cooled
Mercury Poolf Tungsten-Carbide

Beam DIII‘I“IP Shield

Figure:onceptual layout of the Neutrino Factory pion production target and capture system.

Thetarget is followed by the pion decay channel and the mucerfdonthe former is a
solenoidal channel of 100 m length, employing 1.5 T magnets to maximize the captured
muon flux. The aim of the muon freemd is to prepare the muon beam for acceler#tion
consists of a chicane, a buncher, a phase rotator and a cooling channel. The chicane is
required because as well as the required large flux of muons in-tedlfrdrdre are also

still many protons, pions and electrons. If nothing is done abse they will be lost
throughout the frorénd, resulting in levels of activation about 100 times above the
canonical level for hande maintenance. As a result, the chicane is used to remove the
higher momentum unwanted particles. It is followed bysambeb to remove those at

lower momentum. The efficiency for transmission of useful muons is about 90%, while the
unwanted particles are reduced to a manageable level. The chicane is followed by a section,
33 m long, which uses RF cavities to bunch #@ma.bEhis in turn is followed by a phase
rotation section 42 m long, which utilises the correlation between position in the bunch train
and energy that has built up by this stage. It uses RF cavities to slow down the faster going
muons at the front and spleep the slower going particles at the back and thereby reduces
the energy spread of the beam.
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Figure X®ion production as a function of atomic number, assuming a cylindrical target 20cm long a
in diameter.

The phase rotation section is followley the cooling channglwhich will employ the
technique of ionization coolirlg.this, an absorber is used to reduce both the longitudinal

and transverse components of the muon momentum. The lost longitudinal momentum is
then restored using RF cavities, giving a net reduction in transverse momentum and hence
transverse cooling. Hewer, as well as cooling through energy loss, the absorber also heats
through multiple scattering and the best balance between the two is achieved by using a low
atomic number maial, such as liquid hydrogeritnum hydride. In addition, the cooling
efficiency is significantly increased if the absorber is in region in which the beam is highly
convergent or divergemus requiring a superconducting field aroundtbkerber region.
Superconducting magnets are also required arbanBR cavities toicatransport The

result is that the cooling celhisomplex object (see Figure 11

Due to the complexity, an engineering demonstration of the cooling technique is being
constructed at the STFC Rutherford Appleton Laboratory. This project, calle[d 6] GE

due to give a first demonstration of ionisation cooling during 2013. In addition, as the RF
cavities of the baseline cooling cell will be in a large magnetic field, measurements of the
effect this will have on the accelerating gradient are lzelagoynthe MuCool project [17].

To minimize potential problems, alternative cooling lattices are being studied that reduce the
magnetic field at the cavities, while maintaining the same performance [18].

Following the reduction of muon energy to 10 GeV¥,dptions now exist for the muon
acceleration system (see Figure 12). The first uses a linac to 0.8 GeV, followed by two Re
circulating Linear Accelerators (RLAS), one to 2.8 GeV and the second to 10 GeV. The
second option uses a linac to 1.2 GeV, an BLAGeV and a nescaling Fixed Field



Alternating Gradient (#SFAG) accelerator to 10 GeV. Both options are under study to
determine which would be best based on performance and cost.

Figure X Engineering drawing of theeMp&Ement [18he central region shows two ionization
cooling cells, with instrumentation regions on either side for measuring the parameters of muons e
leaving these cells.
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Figure 12: Updated layout for a Neutrino Factory for 10 GeV openadiaiecaithinglyl he two
options for muon acceleration are shown.

An nsFFAG is proposed as its properties of fixed magnetic fields and-igsetdanous
operation mean that muon acceleration will be very fast, plus it has the large acceptance



required fo the high emittance muon beam, even after cooling. However, it is an entirely
novel type of accelerator, so a pafgbrinciple machine called EMMA J1®as been
constructed at the STFC Babury Laboratory (see Figure. 1Bhis has recently
demonstrated that many of the novel features of the muon accelerator, in particular
serpentine acceleration amdiltiple resonance crossings],[2@ork. The full EMMA
expeimental programme hsiarted and will study the remainingessu

Figure 13: The EMMA padpfinciple accelerator at the Daresbury Laboratory.

The finalpart of the Neutrino Factory is the decay ring. It is planned to produce and
accel er at éa idaht@ersare tinnef Thede will arrive in three bsiectod, of

250 ns length, separated by 120 0Os. The deca
of which 470 m will form a production straight for neutrinos in the direction of the far

detector for both muon charges. The ring will be tiltedatgle of about 1@egrees for

the 2000 km long baseline. An outline injection system design has been made that will inject

all of the bunches into the ring. A minimum separation of at least 100 ns is required between
bunches to make it possible to deteemvhich bunch detected neutrinos come from. With

the expected 2% energy spread of the muon beam, this will exist for 4 muon lifetimes,
allowing the vast majority of muons to decay.

The Beta Beam

The production of (anjneutrinos from the beta decayaioactive isotopes circulating in

a race track shaped storage ring was proposed in 2002 [21]. Beta Beams produce pure beams
of electron neutrinos or antineutrinos, depeée
o r ~amittér. The facility discesshere is based on CERN's infrastructure and-wdkre

some existing accelerators, though with modifications. This will significantly reduce the cost
compared to a green field site, though it will constrain the performance (see Figure 14). It



