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In the last few years spectacular results have been achieved with the demonstration of non van-

ishing neutrino masses and flavour mixing. Here, a novel method to create a monochromatic

neutrino beam, an old dream for neutrino physics, is described based on the recent discovery

of nuclei with fast decay through electron-capture to Gamow-Teller resonances in super allowed

transitions. Such nuclei will generate a monochromatic directional neutrino beam when decaying

at high energy in a storage ring with long straight sections. A facility for generating neutrino

beams through nuclear decay is under study within the EURISOL Design Study within the 7 th

European research framework programme. However, the required electron-capture facility will

need a different approach to acceleration and storage of the ion beam compared to the standard

beta-beam, as the ions cannot be fully stripped. Electron-capture decay requires partly charged

ions which will have a short vacuum life-time due to a large cross-section for stripping through

collisions with rest gas molecules in the accelerators. First results for production cross-sections,

ion cooling and accumulation schemes and stacking schemes will be presented together with a

descriptions of the on-going work on the standard beta-beam facility.
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1. Introduction

The beta-beam concept for the generation of an electron (anti-)neutrino beam was proposed
[1] in 2002. A first study [2, 3] of the possibility of using the existing CERN machines for the
acceleration of radioactive ions to a relativistic gamma of roughly 100, for later storage in a new
decay ring of approximately the size of SPS, was made in 2002. The results from this very first
short study were very encouraging, but as no resources could be allocated at CERN for this work,
it was not continued. In 2004 it was decided to incorporate a design study for the beta-beam within
the EURISOL DS proposal. EURISOL [4] is a project name for a next-generation radioactive beam
facility based on the ISOL method [5] for the production of intense radioactive beams for nuclear
physics, astrophysics and other applications. The proposal was accepted with the beta-beam task
as an integral part. The design study officially started 1 February 2005 and will run for 4 years
resulting in a conceptual design report for a beta-beam facility as one potential user of EURISOL.

2. The beta-beam concept and the first study at CERN

The first study of the feasibility of using the existing CERN accelerator complex for a beta-
beam facility was made over a few months with very limited manpower (see figure 1). The main
objectives were twofold: i) to identify a possible scenario for bunching, acceleration and storage
in a few very short bunches of a sufficient amount of radioactive ions for a beta-beam and ii) to
identify possible bottlenecks in the proposed scheme. A main objection raised early on concerned
the possible activation of the accelerators. Consequently, some time was spent to simulate the
activation problem in the decay ring and to calculate the average losses in the accelerator chain.
The study proposed to use a thick ISOL target for production of 6He and 18Ne as both isotopes
can be produced in large quantities and are easy to handle. Neither of the isotopes have any long-
lived daughter products that could create a problem in the low-energy part of the facility. Several
iterations were required for the “bunching” but eventually a high frequency (60 GHz) ECR source
was identified as a possible highly efficient tool to create sufficiently short bunches after the target
for multi-turn injection into a synchrotron. For the first stage of acceleration, it was proposed to
use the 100 Mev/u linac of the EURISOL facility. Further acceleration was to be done with a new
rapid cycling synchrotron (RCS), the PS and finally the SPS. A new injection and stacking method
was proposed to keep the duty factor of the decay ring low. The method makes use of a dispersion
orbit in the decay ring to avoid the injection elements interfering with the circulating beam. Bunch
rotation brings the fresh bunches to the central orbit and asymmetric bunch merging to take the
newly injected ions into the centre of the circulating bunch [6]. The maximum gamma of 150 that
can be reached for fully stripped 6He ions in the SPS, was initially chosen for the coasting beam
in the decay ring but later revised to lower values taking physics reach considerations into account.
The main bottlenecks in the scenario chosen for the first study were shown to be the tune shift at
PS and SPS injection and the activation of the PS ring.
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Figure 1: CERN conceptual design

3. Electron capture decay and beta-beams

3.1 Introduction

The idea to make use of electron-capture decaying nuclei for a beta-beam has recently been
discussed [7]. The option of a monochromatic neutrino beam from atomic electron capture in150Dy
has especially received some attention both [6] in its physics reach and in machine feasibility. This
nucleus has an unsually short half-life for an electron capture decaying isotope. This is due to
super allowed spin-isospin transitions to a giant Gamow-Teller resonance which is kinematically
accessible [8]. The short half-life makes it feasible to generate a sufficient neutrino rate from a
reasonable amount of stored nuclei (see section 4). In a recent work [9] the possibility to accelerate
a fully stripped electron capture decaying isotope has been studied; the isotopes are in this study
recombined with an electron beam in the decay ring and would subsequently decay by electron
capture. To avoid this complication it is proposed here to accelerate and store partly charged ions.

3.2 Acceleration and storage of partly charged ions

The acceleration of partly charged ions is being intensely studied at e.g. GSI for the future
FAIR facility [10] and at BNL for the RHIC program. Experience from the Experimental Storage
Ring (ESR) at GSI [14] suggests that it it is possible to keep recombination and stripping losses low.
At high energy, the stripping cross section will dominate and a very first calculation for the decay
ring [11, 13] yields less than 5% of stripping losses per minute. However, the loss rate will strongly
depend on the vacuum conditions and the Proton Synchrotron (PS) in the present CERN injector
complex is not designed for ultra high vacuum operation. In addition, it has recently been shown
[15] that the decay losses will generate a major deterioration of the vacuum conditions in both the
PS and SPS towards the end of the acceleration cycle, something which would be unacceptable for
the acceleration of a partly charged ion beam.
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The half-life of the partly charged electron capture decaying nuclei with only ns electrons left
will scale as 1/n2 [16, 17] e.g. a Dy atom with only one 1s electron left would still yield more than
40% of the yield of a neutral Dy atom.

For the purpose of calculating the neutrino rate it is useful to define an equivalent vacuum
half-life and the work done so far indicates that it is reasonable to assume a vacuum half-life of 1
minute during acceleration and 3 minutes in the decay ring. The annual rate of neutrinos can be
calculated using the formula given in [18] which in the presence of important vacuum losses must
be modified:

R =
Iin f
Trep

× λec/γtop

λec/γtop + λvac
×

(
1− e−mTrep(λec/γtop+λvac)

)
×Trun

where the m is the number of merges that can be done in the decay ring without major losses
from the merging process itself, Trep is the repetition period for the fills in the decay ring, γtop

the gamma factor of the decay ring, λec is the electron capture decay constant at rest, λvac is the
equivalent vacuum decay constant, Iin the total number of ions injected into the decay ring for each
fill, f the fraction of the decay ring length for the straight section generating the neutrino beam and
Trun the length in seconds of the run (normally taken as 107 seconds which equals a snowmass year
[23]).

Using the parameters for the second version of the EURISOL beta-beam baseline design [21]
and using an accumulator ring at low energy to boost the intensity [19] indicates that with an isotope
having an electron capture half-life of 1 minute, a source rate of 1013 ions per second, a rate of 1018

neutrinos per snowmass year [23] along one of the straight sections could be achieved. However,
it should be noted that the space charge limit of the present CERN injectors is surpassed for such a
beam. Furthermore, the electron capture half-life of the best candidate of the newly discovered fast
decaying rare-earth isotopes (148Dy) is 3.1 minutes. The production of this isotope would even at
the future EURISOL facility [4] be at least a factor ten below the required 1013 ions per second.

3.3 Long half-lives and beta-beams

The long half-life of most isotopes decaying by electron capture was long thought to make a
monochromatic beta-beam impossible. The reason is simply that the flux required would demand a
very large number of ions to be stored in the decay ring. At high intensities the beam will be difficult
to control due to intra beam scattering, space charge detuning and important vacuum losses. The
problems will be further exacerbated by the requirement to keep the duty factor low at the Lorenz
gamma values achievable at e.g. the beta-beam facility studied within the EURISOL design study.
In table 1 four isotopes discussed in [7] are compared to18Ne considering the the total number of
charges in each of the machines in the EURISOL beta-beam facility and the peak current in the
decay ring.

4. Conclusions

A mono-chromatic beta beam for the study of neutrino oscillations is probably not an option
using any known electron capture decaying nucleus due to too long half-lives and insufficient pro-
duction rates at the next generation of radioactive beam facilities. The recently discovered nuclei
in the rare-earth region come close to fulfilling the requirement of half-lives below a minute. A
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Table 1: The number of charges in each step of the beta-beam facility for a nominal rate of 10 18 neutrinos
per snowmass year (107) [23] along one straight section of the decay ring. The production rate has been
set to 1013 ions per second which is a factor of 10 above the present estimates for the EURISOL facility.
The number of bunches in the decay ring are set to 100 giving a duty factor of 1× 10 −2 at γ = 100. For
comparison, the nominal values for the 18Ne beam at the nominal flux of 2.1×1018 neutrinos, γ = 100 and
a duty factor of 2×10−3 are also given. The total number of charges per acceleration cycle for the nominal
18Ne beam is already close to the known limitations of the existing CERN accelerators which are proposed
to be re-used for the EURISOL beta-beam facility.

Acccelerator RCS PS SPS DR DR Peak Current
Isotope [1012 C] [1013 C] [1013 C] [1014 C] [kA]
148Dy 120 102 828 87.6 3.74
150Dy 139 117 948 97.8 4.18
150Ho 86.1 74.0 602 68.7 2.93
152Tm 28.3 23.2 162 27.5 1.17
18Ne 2.71 4.35 4.29 7.47 1.60

new effort is on its way to re-visit this region of the nuclear chart and measure the electron capture
properties of all possible candidates. The best isotope would have a half life of less than a minute
with an electron capture decay pre-dominantly feeding one single level in the daughter nucleus.
The latter requirement is necessary to avoid several energy peaks in the resulting neutrino energy
spectrum. We strongly encourage the search for such an isotope. A monochromatic beta-beam
facility could largely be based on the EURISOL beta-beam facility and would only require modi-
fications to the source, the bunching and possible, the vacuum system. Most importantly it would
make use of the same decay ring and the same detectors and could consequently represent a future
upgrade of a classical beta-beam facility. It is important to determine the full physics reach for
oscillation physics with a monchromatic beam to establish if this option should be kept open in
future machine studies. The possible use of a low energy monochromatic beta-beam should also
be explored.
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