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The goal of a Neutrino Factory is to generate intens Proton briver 6 N
. . . leutrino Beam
beams of neutrinos from muon decay for particle physic

studies, in particular CP violation in the Standard Model Hg Target é
the mass hierarchy, and the neutrino mixing arigle In- T
tense muon beams are created and accelerated in a sys'em Bunch Rotaton [
of particle accelerators to energies of 20-50GeV. They a = cooins ]
then allowed to decay in dedicated storage rings with lon 09-36GeV  Linacto M on Storage Ring
straight sections aligned on suitably chosen far detector C@l—<33

A variety of ring geometries are possible, and their desig 867126 GeV RLA

and construction present demanding challenges for accel-

erator R&D, covering not only beam optics but touching| y..uine ot

on geological and engineering aspects of constructing al- Muon Storage Ring
most vertical storage rings several hundred metres below 1.5 km
the Earth’s surface. The basic ideas are described in this_ ) ) ,
paper and are demonstrated by three possible models gd-igure 1: IDS baseline scenario for a Neutrino Factory
veloped in recent years.
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Three options have been developed: a racetrack lattice, an
THE NEUTRINO FACTORY isosceles triangle shape and a bow-tie layout. In theory

The International Scoping Study laid down the baseling‘e racetrack (mc!uded in Figure 1) can hand_le both sign
for a Neutrino Factory aimed at generating an average gruons but can p.o'n.t atonly one detector. The isosceles tri-
102! neutrino events per year [1]. A 4 MW beam from angle_and bow-tie rings can point at two separate detectors
proton driver impinges on a pion production target, whic ut W.'” h.OId muons of only one sign. _Ad.d|t|0nallly, the
looks likely to be based on a liquid mercury jet. The pion?ow'tle fing Preserves the muon polarl_sauon, wh|ch may
are captured in a solenoid channel. They decay to muodgerfere with the accuracy of the bef’:\m mstlrumentatl(.)n.
which are phase rotated and formed into trains of 80 inter- Importan_t parameters to be considered in the design of
leavedy™ and 80x~ microbunches at 201.25 MHz. Thethe decay rings are:
transverse emittance is reduced via ionisation cooling in ® the efficiency, defined as the ratio of the total length
order to make the bunch trains ready for the next set of ac-  Of neutrino production straights to the circumference.
celerators. Since muons have a half-life of 22in their o the depth of the tunnels, which has geological and cost
rest-frame, relativistic time dilation is used and acaeler implications.
tion has to be rapid. The preferred scheme is a series of re-,
circulating linear accelerators (dogbones) followed bg on
or possibly two fixed-field alternating gradient accelersto
(FFAGSs), depending on the final muon energy. A top en-
ergy of 25GeV is proposed for the most pressing physics
needs, though neutrino factory designs make allowance for®
future upgrades to about 50 GeV. A schematic drawing of a

the ratio,x, of the muon rms divergence angle to the
rms opening angles of the decay neutrinos; this has
been set afy < 0.14 for normalised rms transverse
beam emittances of 4.8 ¥ mm.rad.

the megawatt levels of muon beam power, which de-
mand efficient ring collimation systems.

possible scenario is shown in Figure 1. To alleviate problems such as heating and shock in the
NF target and beam loading in the muon accelerators, the
MUON STORAGE RINGS number of proton bunches (and therefore the number of

muon bunch trains) in a pulse should not exceed three. A
Once accelerated, the muon bunch trains are stored pnoton driver meeting the requirements has been designed
dedicated rings where the particles decay according to with a booster circumference of 401 m and a main ring of
802m, and a compatible size for the decay rings is then
1608.8 m. The bunch trains have a duration of 397.5ns and
The rings have long straight sections to direct the neutrirere equally spaced with gaps of 1391 ns. It is then possi-
beams at detectors at roughly 4000 and 7500 km distancéte to interleave the* andy~ bunches in time, providing

o= e F Ve +uy, u+—>e++ue+ﬂu.



a gap between neutrino and anti-neutrino bursts of at least
100 ns at the detectors.

£ (m)

Racetrack Design

The layout of the racetrack ring is shown in Figure 2. ! :
The basic design consists of achromatic arcs, matching sec:
tions between arcs and straights and long quadrupole pro-
duction straights. At the ends of each straight are bend-
ing magnets giving a combined angle bg&° to separate _*
off neutrinos from muons with large divergence angles;::
These generate dispersion in the main arcs, which comprise
15 FODO cells, each of length 8.8 m, of superconducting”
dipole and quadrupole magnets. The arc bending angle is:
176.4, and the bending field in the dipoles is 4.28 T. Distanos ()

The design shown in Figure 2 has one production straight : ) . . .
only, 599.4m long, giving an efficiency of 37.25%. The Figure 3: Optical functions for the ra:;_e:::(:k fng
second straight is used for collimation, rf systems and tune ‘/" :
control. If the ring were to be adapted to take counter- :
rotating bunches of ™ andu—, additional dispersion-free wlenoids "
sections would need to be created for this equipment, to o
the slight detriment of the production straights. Two rings -
in separate tunnels are necessary to point at the mid-ran
and long-range detectors at 4000 km and 7500 km respec*
tively (as in Figure 1). They would be directed at respective .
angles of approximately8° and36° into the ground, giv- § ning

ing tunnel depths of 233 m and 444 m. \\
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Figure 2: Layout of racetrack ring v

Betatron and dispersion functions are shown in Figure 3. Figure 4: Layout of isosceles triangle ring
The matching sections match from a peak beta of 14.2m in
the arcs to a value of 153.0m in the straights. The angle
ratio y = 0.12 is within the value of 0.14 required. How- form the triangle apex and there are ten cells in each of the
ever, sincey scales ag/7, the limit would be exceeded at other arcs. The total bend angle in the arcs4is.1°, leav-
40-50 GeV, which means the same ring may not be suitablled 15.9° to deal with large angle muons in the straights.

for an energy upgrade. The production straights use eight 4.0 T superconducting
solenoids, which allow much smaller betatron functions
Triangular Design than quadrupoles for the same muon divergence angles. In

) ) ~ the example shown, @of 12.7 m in the arcs is matched to
In contrast to the racetrack lattice, an isosceles triangle, aiue of 94.3m in the straights. Details of the ring opti-

can have two production straights pointing at different degg) functions are given in Figure 5, in which the lattice ar-
tectors. The lengths of the baselines dictate an apex anglg,gement has the production straights to either side of the
of < 50°, and the example df2.8° shown in Figure 4 can central collimation/tuning/rf straight. The ratio of muon
serve several combinations of detector locations (4.0 T ;5 divergence angle to the rms opening angles of the de-
direction of the upper straight is fixed by the mid-rang%ay neutrinosy, is about 0.12 for an energy of 25 GeV, and

detector, and the ring can then be rotated about this ling, ,id be maintained for upgrades to higher energy.
until a suitable long range detector site is found. The pro-

duction straights are 398.5m long, giving an efficiency OEOW-

2 x 24.8%, and a maximum depth of 493 m. Two triangular

rings could be built in the same tunnel, one for and the The triangular design has advantages over the racetrack

other forp—. lattice through the ability to serve two detectors with one
The arcs are made up of superconducting combinedng, plus better efficiency, but suffers from the depth at

function magnets in cells of 8.2m length. Eleven cellsvhich the tunnel penetrates into the ground. A third design,

tie Design
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Figure 5: Optical functions of the isosceles ring Figure 7: Optical functions of the bow-tie ring

the bow-tie lattice (Figure 6) goes some way to overcoming facility at Fermilab could feed detectors at Gran Sasso
this. The ring has a crossing angles@f8° and production (7400km) and Norsaq (3500km). However, two separate
straights of 469 m, giving an efficiency Bfx 29.2%. The tunnels would be needed, at a substantial depth, with a to-
design closely follows that of the triangle ring, with thetal of four transfer lines, in order to handle baift and
same features of matching between lafgealues in the ;= in the same ring. Depending on the NF site, the tri-
straights and much smaller values in the arcs. The optingle or bow-tie may prove more suitable geometries be-
cal functions are shown in Figure 7, where the change itause of their greater neutrino production efficiency, the
sign of the dispersion in the arc regions can be comparege of only one tunnel and a reduced number of transfer
with Figure 5. There are advantages over other designslines. Sited at RAL, for instance, the facility could direct
neutrinos to INO, Pykara (7630 km) and Gaspe, near Mon-
treal (4280 km), using an apex anglei®. The plane of
such a ring would be at1° to the vertical, giving depths

of 458 m and 290 m for the triangle and bow-tie respec-
tively. Another combination at RAL could be Baksan, Rus-
sia (3375 km) and the Waste Inspection Pilot Plant (WIPP)

u* injection

T
T in New Mexico (7513 km) with a 60apex angle, at0.6°
collimators to the vertical and similar tunnel depths.
tne control With predicted tunnel depths of this magnitude, a geo-
s logical survey of the sub-terrain of any proposed Neutrino

Factory site is essential. The alternative is to use a ring

with shorter production straights, with a corresponding re

duction in efficiency. There would also need to be changes
Figure 6: Layout of bow-tie ring to the proton driver design to maintain a uniform muon

bunch layout. With fewer neutrino events reaching the de-

the higher neutrino production efficiency, the use of fewetectors, facility operation might have to be extended for a

quadrupoles and the reduced tunnel depth of 312 m. In aglear or two to obtain sufficient statistics, with consequen-

dition, the straights directing unusable neutrinos to the atial increases in total running costs.

celerator site are reduced. There are however more bending
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Further details of earlier versions of these rings can be
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