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Abstract. The Japanese scheme of a neutrino factory based on fixed-field alternating
(FFAG) gradient accelerators is presented.

1. Introduction

One of the candidates of the next-generation particle physics facilities is a neutrino
factory, which is capable of studying 3x3 neutrino MNS mixing matrix in lepton sector
intensively. The number of muon decays in the muon storage ring is aimed to be more
than 1x10%° muon decays/one straight section/year. The energy range of muonsis 20-
50 GeV. The accelerator complex of the neutrino factory considered in Japan consists
of several sequential rings of the fixed-field alternating gradient (FFAG) accelerators,
which is significantly different from the othersin U.S. and Europe. [1] The schemes
considered by them are based on the linear accelerators. A high accelerating gradient
and small total length of the accelerator minimizes beam loss caused by muon decay,
but requires that the rf frequency used in the linear accelerator system becomes rela-
tively high. Thetypical RF frequency range utilized in this schemeis several 100MHz.
Moreover, asmall total length of the linear accelerator system also helpsto reduce the
cost of the accelerator.  The disadvantage of the high frequency system isits small
beam. Thus, in this case, muon beam phase rotation and cooling become essential.
lonization cooling consists of a number of energy degrading media between the rf ac-
celerating cavities, and seemsto be apossible solution. Sincetheinitial pions, and the
product muons have a large energy spread, phase rotation before cooling is also re-
quired to decrease the energy spread. Even with this, the muon beam intensity after
cooling could drop substantially [2], and the total facility cost should become expen-
sive.

If acircular accelerator can be adopted to muon acceleration, this limitation be-
comes modest. Many turnsfor acceleration in the same ring using the same accel erat-
ing system helps to reduce the total size of the accelerator and the total construction
cost. Figure 1 shows the muon survival for different accelerating energy gains as a
function of the muon energy from 0.3GeV/cto 20GeV/c. |In case of the energy gain of
5MeV/m, the muon survival isamost 90%. Even when the accelerating gradient is
only 1IMeV/m, the muon survival during acceleration is still more than 50 %, which
should not be so painful. This energy gain difference affects the total length of the
accelerator very much. Inthelinear accelerator system, if the energy gainis5 MeV/m
thetotal length of the accelerator becomes almost 4km, which is acceptable. However,
if the energy gainis 1 MeV/m, the total length exceeds more than 20 km and only a



—inim 3o circular accelerator can berealistic. The ordi-
~ = omnin s nary synchrotron is obviously inadequate for ac-
celerating muons. The magnetic field in an or-
dinary synchrotron must increase during accel-
eration and the ramping rate cannot be fast
enough to compete with the muon lifetime.

The FFAG (fixed-field alternating gradient)
accelerator seems to be adequate for accelerat-
ing muons to high energy. Theidea of FFAG
0z 1 originated from a Japanese physicist, Ohkawa,
in 1953.[3] Since then, except severa electron
0 - models of FFAG built for MURA project in U.S.

Energy (ev) in the mid 60's, no attempt has been made by the
Fig.1 Muon survival most recent year when the KEK accelerator group

constructed the small POP (proof of principle) proton model in 2000. This machine
was successfully operated.[4]

A big advantage of the FFAG accelerator for accelerating short lived particles
such as muonsis that the beam guiding magnetic field is static. The acceleration time
can be short enough to eliminate the particle decay if the rf voltage is large enough.
Another advantage of the FFAG accelerator is that it has a large acceptance for both
transverse and longitudinal directions. Thus, in the neutrino factory based on the
FFAG accelerators does not need muon cooling and phase rotation, which would help
alot to reduce atotal construction cost of the facility.

Muon Survival

2. Neutrino factory based on FFAG accelerators

The FFAG has unique features such as 1) the fixed magnetic field 2) strong transv.
focusing and 3) strong long. focusing. These features can realized the very large
acceptance and very quick acceleration, which are very useful for muon acceleration.
Figure 2 shows a conceptual scheme of the neutrino factory based on FFAG accelera
tors. Inorder to make a simple magnetic field configuration and avoid a phase slip
problem during acceleration, the multistep acceleration seemsto beredlistic. At this
FFAG based neutrino factory moment, we are thinki ng to

have at least 3 or 4 stagesfor

~  accelerating muonsfrom 0.3
GeV/c to 20 GeV/c. This
multistep scheme may also

%/ ,;;: N e |7 beuseful for providing vari-
= 2 N — V) A ous interesting physics in
\ : each stage such asmuonrare
decays.

s S In Fig. 2, aconceptual
Fig. 2 Schematic layout of the FFAG based Neutrino Factory schematic layout of the




FFAG based neutrino factory with the 50 GeV
proton driver at JAERI Tokai siteisalso pre- i 4.7 eV.sec¢
sented. The neutrino factory based onthe FFAG
accelerators consists mainly of four parts: pro-
ton driver, target and capture region, FFAG ac-
celerator chains and muon storage ring.

2.1. Acceptance

How large acceptance is needed? Wehave | | . .
made some calculations to examine how large b o bl
transverse and longitudinal acceptance are s e e

needed to satisfy the requirements of the muon  Fig.3 Longitudinal distribution of pions gen-
yields such as 1x10%* muon decays/one straight  erated by the 50GeV PS.

section/year in the muon storage ring. This number corresponds almost 0.3muons/
proton when the beam intensity of the JHF 50GeV proton driver is assumed.

The longitudinal acceptance depends on its rf frequency. The particle distribu-
tion of theinitia pions and the product muonsin the longitudinal phase space after the
captured solenoid when the 50 GeV proton driver described above is used were calcu-
lated. In this case, the bunch length of the proton beam from the 50 GeV proton driver
is assumed to be 6 nsec in rms value. Figure 3 shows a longitudinal phase space
distribution of the pions, which are produced by the 50GeV proton beam, at the dis-
tance of 6m away from the target position. According to these simulations, the par-
ticles having central momentum and momentum spread of 300MeV/c and +- 50%,
respectively, are well within the area of 4.6 eV.sec.

This size of longitudinal acceptance can be realized by alow frequency rf accel-
erating system having an accelerating field gradient of IMV/m. One of the advantages
inusing alow frequency rf systemisits
large longitudinal acceptance. The typi-
e cal longitudinal acceptance with such a
/ L ‘l‘\\\\\ low frequency rf system would be sev-

" N eral eV.sec or more. Such alow acceler-
- == ““‘ ating field gradient can be realized with
W o A P a rather low frequency rf accelerating
’ system. For example, in the antiproton
decelerator (AD) at CERN, the OMHz rf
cavity has achieved afield gradient of
about 0.8MV/m in burst mode operation.
Thus, aring accelerator is practically the
only scheme possible for muon accelera-
tion with alow frequency rf system.

Fig.4 Number of pions( s+, -)generated by 50GeV The horizont_al acceptance of the
FFAG accelerator is very large because
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of this feature and normally exceeds 0.03 m.rad in normalized acceptance. The mo-
mentum acceptance is also very large and a beam having alarge momentum spread of
more than +- 50% can be accelerated. Thus, both muon cooling and, accordingly,
phase rotation should not be necessary. This may become a kind of "brute" force
option for muon acceleration in the neutrino factory.

Figure 4 shows the number of pions( wt+, 7t-)generated by 50GeV protons as a
function of the pion beam momentum if the normalized transverse acceptance and the
longitudinal momentum acceptance are assumed to be 0.03 m.rad and +-50%, respec-
tively. Ascan be seen from this figure, the optimum pion energy range to satisfy the
muon yield of 0.3 muons/proton is rather broad, which is 0.4-1.5GeV/c.

In the following sections, specifications of each part of the FFAG based neutrino
factory are described.

2.2. proton driver

The 50 GeV proton synchrotron of the joint project between KEK and JAERI, which
will begin construction April , 2001 as a 6-year term project, is considered to be the
proton driver for the future neutrino factory. The planned 50-GeV proton synchrotron
consist of a400-MeV proton linear accelerator (400-MeV linac) as an injector, a 3-
GeV rapid cycling synchrotron as a booster and a 50-GeV proton synchrotron (main
ring).[5] The accelerators will be constructed at the south site of JAERI-Tokai, as
shownin Fig.2.

The main ring is to accelerate protons from 3 GeV to 50 GeV. The expected
beam intensity in the main ring is 3.3x10* ppp and the repetition rate is about 0.3 Hz.
The 50-GeV protons are extracted by slow and fast extraction schemesinto two experi-
mental areas. one is for experiments using secondary beams (K, antiproton, etc.) and
primary beams by slow extraction, and the other is for the neutrino oscillation experi-
ments by fast extraction. When operated in aslow extraction mode, the average current
and duty factor, which is defined asthe fraction of acyclewhen abeam isavailable, are
15 uA and 0.20, respectively.

Four batches from the booster are injected into the main ring when the main ring
staysat alow field. Then, 8 buckets out of 10 are filled with beams, and the main ring
starts accel eration while three other facilities start to use 3-GeV beams directly from
the booster. The average beam current of 15.6 uA for slow extraction and 19.6uA for
fast extraction at the first stage will be increased in future. There are several upgrading
options. Roughly speaking, two major paths should be taken: oneisincrease of repeti-
tion rate and the other isincrease of particles per pulse. Although the repetition rate of
the main ring at the beginning is 0.29 Hz for slow extraction mode and 0.37 Hz for fast
extraction mode, the lattice magnets themselves are designed so that a higher repetition
rate such as 0.51 Hz operation for slow extraction and 0.79 Hz for fast extraction will
be possible. That pushes up the average current to roughly 26.8 uA and 41.6 uA, re-
spectively. In this case, the electric power required for exciting the lattice magnets
increases and becomes almost doubled. Although the main ring is not a space charge
limited synchrotron at the design particles per pulse in terms of space charge tune shift,



specia careisnecessary if we need to
mcreasethe numper of particles. One . .
of the options to increase the number p-16Gev/c-36e
of particlesisto use barrier buckets at
injection. Capturing with barrier buck-

p=3GeV/c~10GeV/c

ets decreases the local line density at p=116eV/c~20(50)GeV/
Injection so that the tune shift becomes
less. Another advantage of using bar- muon storage

rier bucketsfor injectionisthat wecan ~ Fig- 5 FFAG chain.

inject as many booster batches as we want in contrast with bunch to bucket transfer. If
a higher repetition rate and barrier bucket injection with 10 beam batches are adopted
simultaneously in future operation, the average current increases up to 59.4 uA for
slow extraction mode and 86.9uA for fast extraction mode. In case of the neutrino
factory, the duty factor, which means a portion of the flat-top time duration in one
main-ring cycle, becomes roughly 33 %. Inthe FFAG based scenario, the requirement
of the bunch length is much more modest compared with the linac based neutrino fac-
tory because the longitudinal acceptance of the FFAG using alow frequency rf system
isrelatively large. The expected bunch width from the proton beam should be even 6
nsor morein rmssizefor the FFAG based neutrino factory. The rms bunch length at 50
GeV isapproximately 6 nsin ordinary operation, which is almost the same as required
in the FFA G based neutrino factory. This meansthat no special treatment to the bunch
shortening is necessary for the 50GeV proton driver in our FFAG based neutrino fac-
tory.

2.3. FFAG chain

A conceptual scheme of the neutrino factory based on FFAG acceleratorsis shown in
Fig.5. In order to make a simple magnetic field configuration and avoid a phase slip
problem during acceleration, the multistep acceleration seemsto berealistic. At this
moment, we are thinking to have at least 3 or 4 stagesfor accelerating muonsfrom 0.3
GeV/cto 20 GeV/c. This multistep scheme may also be useful for providing various
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Fig. 6 Beam simulations in the FFAG accelerator (10-20GeV/c).



interesting physics in each stage such as muon rare decays.

Since the practical momentum range from injection to extraction in the FFAG
accelerator is about 3-4 times, there are four FFAG rings for acceleration of muons
from the momentum of 0.3 GeV/c to 20 GeV/cin this scheme. Thefirst ring accelerates
muons from 0.3GeV/c to 1GeV/c, followed by the second one of 1GeV/c to 3GeV/c,
the third one of 3GeV/c to 10GeV/c, and the final one of 10GeV/c to 20GeV/c. The
momentum ratio of injection and extraction for each ring islessthan 3, which is modest
to give asmall beam excursion of about 0.5m.

A scaled radia sector type of FFAG with atriplet focusing, which is samefor the
POP machine, isapplied to each ring. There are several advantagesin triplet configu-
ration compared to the other radial and spiral types. Oneisfield cramping whichis
expected between adjacent focusing and defocusing magnets. Second, the length of
each straight section becomes large because one focusing and two half defocusing
magnets are combined together to make one multi function magnet. Finally , the
lattice functions has mirror symmetry at the center of a straight section.

2.4 Beam apertures

In the scaling type of FFAG, the larger ring should have alarger magnetic field index k.
Therefore, such large field index may suffer the dynamic aperture seriously because of
itslarge nonlinear field. However, thereality isnot such asituation. As can be shown
ineq. (1), in case of the scaling type of FFAG, the high order of the magnetic field at the
closed orbit does not scale with k but k/r, wherer isaorbit radius. Therefore, we may
have alarge k-value for the large ring to keep the large beam dynamic apertures

B- Bo(r—';)k - 80{14, (rﬁ x)+ %(5 X)2 +l
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Figure 6 shows the beam tracking results for the last FFAG ring (10-20GeV/c) . The

normalized emittance of the beamsfor
horizontal and vertical directions are
o ——— 8 both assumed to be 0.03 m.rad, respec-
tively.
TRETETT In order to examine the longitu-
dinal particle motionsin the beam ac-
celeration through these four FFAG
rings using superconducting magnets,
particle tracking simulation has been
N carried out for. The assumed initial
e T e T longitudinal emittance and the maxi-
Fig.7 Longitudinal beam simulationsfrom 0.3GeV/cto  mum momentum spread at injection
20GeV/c




are 4.6 eV.sec and +-50%, respec-
tively. Inthissimulation, the av-
eraged rf accelerating field strength
of about 1 MV/m is assumed for
al of therings. The simulation
results are summarized in Fig 7.
As can be seen from these results,
the particles are accelerated up to
the final energy without having se-
—  rious problems and the momentum

TP spread is reduced to less than +-
5%.
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Fig. 8 Longitudina rf bucket configuration of the
scaling type of FFAG.

In the scaling type of FFAG, the momentum compaction factor keeps constant
for different beam energy.
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Thus, almost no distortion in the rf bucket even at the very large momentum range.
Figure 8 shows the rf bucket of the last FFAG ring where the accelerating field of
0.7MeV/misassumed. As can be seen from thisfigure, the beam can be accelerated
in the stationary rf bucket even when the rf frequency is fixed.

One of the key technologies to realize a FFAG based neutrino factory is alow
frequency and high gradient rf cavity. There are several candidates for low frequency
and high gradient rf cavitiesas showin Fig.9; (1)ferrite-loaded, (2) ceramic gap and (3)
air gap. All of these R&D are proceeding under the US-Japan high energy collabora-
tions.

2.5 Soragering

A storagerina isdesianed and it has two of approximately 300m straight sections. At
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Fig. 9 Low frequency and high gradient rf cavities.



the straight section, beam size is enlarged and the rms divergence of beams becomes
0.92. That satisfies the condition of

Dbeam < 1/5Y
wherey isarelativistic Lorentz factor.

3. Summary

In the FFAG based neutrino factory, the expected muon intensity after acceleration
exceeds more than 6 x10 * muons/year with the 50 GeV and 0.75MW proton driver
and about 2 x10 2 muon decays/year in the muon storage ring can bereaized. If the 50
GeV proton driver is upgraded to reach the beam power of 4 MW as described below,
the more than 1 x10 % muon decays/year becomes possible.
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