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Abstract

We propose a search for sterile neutrino via micro-oscillations. The existence and characteristics of the sterile
neutrino will be inferred from the measured electron antineutrino disappearance pattern. Electron antineutrinos
will originate in 8Li decay, produced by neutron capture on a highly purified 7Li (/ 7Lid) target at the Soreq-
NRC nuclear reactor. The experiment will be sensitive to sterile neutrinos in the square mass difference range
of |∆m14|2 = 0.7–5 eV 2 and sin(2θ14) ≈ 0.1. Rate estimations and predicted oscillation signals for 36 month of
measurement using a 30 ton liquid scintillator detector are presented.

1 Introduction

1.1 Evidence of Sterine neutrino oscillations
Short base-line neutrino oscillation experiments (LSND and MiniBooNE), as well as the gallium source calibration
runs of the GALLEX and SAGE solar neutrino detectors observed various anomalies in the measured neutrino
flux. Global analysis of world data indicates that these anomalies might be due to the existence of additional
sterile neutrino flavors, in the 1 eV 2 mass square difference scale. Sterile neutrinos are not directly detectable, their
existence can only be inferred from the disappearance pattern of active neutrinos which oscillate to them.

There are several extensions to the standard model that incorporate such sterile neutrinos, differing in the number
of sterile neutrinos (usually one or two) and in their mass hierarchy as compared to that of active neutrinos. Here
we consider the 3 + 1 model, which incorporate one sterile neutrino. This is the simplest model that seems to be
consistent with world data. Fig. 1 shows the result of one such global analysis in terms of confidence limits (CL)
constrains on the square mass difference and mixing angle between the electron and sterile neutrino, θ14. As can
be seen, the allowed mass square difference and mixing angle regions are relatively well constrained and can guide
the design of future dedicated experiments that will search for such sterile neutrinos. We note here that while most
global analysis seems to hint at the existence of a sterile neutrino in the square mass difference of ∼ 1 eV 2, the
inclusion \ exclusion of different data sets can drastically change the significance of this observation (from ∼ 6σ to
∼ 2σ).

We note here that cosmological calculations based on recent releases by WMAP and PLANCK present an upper
bound on sterile neutrino mass, of about ∼ 0.3 eV , yet if one assumes the sterile neutrino is charged under a
hidden sector gauge group U (1)s, then its production through oscillations is suppressed in the early universe, and
cosmology no longer constrain the mass of the sterile neutrino [5].
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Figure 1: Results from a global analysis of world data to a 3 + 1 oscillation model. The axis marks the possible
electron – sterile-neutrino square mass difference and mixing angle phase-space. As can be seen, the allowed square
mass difference range is about 0.7–2.5 eV 2. [4]

Source SARAF Deuteron beam SARAF proton beam Soreq NRC 5 MW reactor
Rate [8Li/sec] ∼ 1014 5× 1014 5× 1015

Table 1: 8Li production rate obtained from different accelerator and reactor based production mechanisms.

1.2 Reactor based Lithium-8 electron antineutrino source
8Li nuclei decay to 8B via β decay with a lifetime of 0.84 sec. This decay process is accompanied by the emission
of an electron and an electron anti-neutrino (i.e. 8Li →8 B + e + ν̄e). The emitted anti-neutrino is characterized
by a relatively high end-point energy of 13 MeV and an average energy of 〈Eν〉 = 6.3 MeV , see Fig 2. These
energies are relatively large compared to other β-decay processes. Electron anti-neutrinos are typically detected
using the inverse beta decay process (ν̄e + p → n + e+ ). As the cross section for the latter is proportional to the
incoming neutrino energy, the high characteristic anti-neutrino energy of 8Li decay makes it an appealing electron
anti-neutrino source1. Using 7LiD or 7LiOD can increase this rate by 10−20%. A common 8Li production method
is via neutron capture on a 7Li target: 7Li (n,X) 8Li. The cross section for this process at thermal energies equals
about 0.045 barn. This can be done using neutrons from the core of the 5 MW Soreq-NRC nuclear reactor. Using
dedicated Monte-Carlo simulations we estimate that by replacing the four Graphane walls surrounding the reactor
core by four 80× 60× 16 cm3 high purity 7Li walls, a 8Li production rate of ∼ 5× 1015 8Li/sec can be achieved.

1.3 Lithium-8 production at the SARAF accelerator:
8Li can be produced at the SARAF accelerator using two reactions: (1) direct production using the 7Li (d, p) 8Li
reaction and (2) via a two-stage process: p+9 Be→ n+X and 7Li (n,Xs) 8Li. The rate for the direct production
was estimated by the WI group to be 1014 8Li/sec assuming a 5 mA, 40 MeV deuterium beam (i.e. SARAF-II).
The rate for the two stage productions, using an optimized target setup, was estimated by the IsoDAR collaboration
to be 1014 8Li/sec assuming a 10 mA , 60 MeV proton beam. As SARAF Phsase-II has a lower current (5 mA) it
will produce at most 5× 1014 8Li/sec . Table-1 compares the different 8Li sources available and the obtained rate
from each.

1See elaboration in section 2
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an injection energy of 30 keV [22, 23].The proposed high
power is therefore feasible with regard to space charge
issues.

The accelerator described is a continuous-wave source
with a 90% duty cycle to allow for machine maintenance.
In consideration of target cooling and degradation with
600 kW of beam power, we require a uniform beam dis-
tributed across most of the 20 cm diameter target with
a sharp cuto↵ at the edges. Third-order focussing ele-
ments in the extraction beam line are able to convert
the Gaussian-like beam distribution into a nearly uni-
form one [24] and hence create the necessary condition
on the target.

The 60 MeV proton beam impinges on a cylindrical
9Be target that is 20 cm in diameter and 20 cm long.
The primary purpose of this target is to provide a copi-
ous source of neutrons. Neutrons exiting the target are
moderated and multiplied by a surrounding 5 cm thick
region of D2O, which also provides target cooling. Sec-
ondary neutrons enter a 150 cm long, 200 cm outer di-
ameter cylindrical sleeve of solid lithium enveloping the
target and D2O layer. The target is embedded 40 cm
into the upstream face of this volume; a window allows
the beam to reach the target. The sleeve is composed
of isotopically enriched lithium, 99.99% 7Li compared to
the natural abundance of 92.4%. The isotopically pure
material is widely used in the nuclear industry and is
available from a number of sources. The isotope 8Li is
formed by thermal neutron capture on 7Li and to a lesser
extent by primary proton interactions in the 9Be target.
For enhanced production, the sleeve is surrounded by a
volume of graphite and steel acting as a neutron reflector
and shield. The volume extends 2.9 m in the direction
of the detector. Isotope creation in the shielding is neg-
ligible. Figure 1 displays the target and sleeve geometry,
and Table I summarizes the experimental parameters.
We note that the geometry of the design is similar to
that described in Ref. [10].

7Li (99.99%)
sleeve

9Be target
surrounded 

by D2O 

Proton beam

20 cm

FIG. 1: A schematic of the IsoDAR target and surrounding
volumes. The dots represent 8Li (⌫e) creation points, ob-
tained with 105 60 MeV protons on target simulated. The
neutron reflector, shielding, and detector are not shown.

Accelerator 60 MeV/amu of H+
2

Current 10 mA of protons on target
Power 600 kW

Duty cycle 90%
Run period 5 years (4.5 years live time)

Target 9Be surrounded by 7Li (99.99%)
⌫ source 8Li � decay (hE⌫i=6.4 MeV)

⌫e/1000 protons 14.6
⌫e flux 1.29⇥1023 ⌫e

Detector KamLAND
Fiducial mass 897 tons

Target face to detector center 16 m
Detection e�ciency 92%

Vertex resolution 12 cm/
p

E (MeV)

Energy resolution 6.4%/
p

E (MeV)
Prompt energy threshold 3 MeV

IBD event total 8.2⇥105

⌫e-electron event total 7200

TABLE I: The relevant experimental parameters used in this
study.

Rate

Flux

FIG. 2: The expected antineutrino flux and detected event
rate in the experimental configuration considered. The an-
tineutrino flux mean energy from 8Li is 6.4 MeV. There are
8.2⇥105 reconstructed events expected from the 1.29⇥1023 ⌫e

created in the target and sleeve in five years.

We determine isotope production rates using a
GEANT4 simulation [25]. Due to its vast range of ap-
plications, GEANT4 provides an extensive set of data-
based, parametrized, and theory-driven hadronic mod-
els, each one specializing in di↵erent types of interactions
within a specified range of energy. The QGSP-BIC-HP
physics package was chosen for this particular applica-
tion. The applicable physics model is the pre-compound
nuclear one which is invoked by the Binary Cascade sim-
ulation. Simulated hadronic processes include elastic
scattering, inelastic scattering, neutron capture, neutron
fission, lepton-nuclear interactions, capture-at-rest, and
charge exchange. For neutron energies below 20 MeV,
the high-precision package uses the ENDF/B-VII data
library [26].

Although all isotopes are considered in this analysis,

Figure 2: The emitted electron anti-neutrino spectrum from 8Li decay (Flux) and after weighting with the inverse
beta-decay crosses section (Rate). As can be seen, while the average, emitted, energy is 〈Eν〉 = 6.3 MeV , the
average detected energy is 〈Eν〉 ≈ 9 MeV [1].

1.4 3+1 neutrino oscillations
In a two-neutrino oscillation model, the probability of an electron anti- neutrino to oscillate into a sterile anti-
neutrino as a function of the distance from the source is given by

Pν̄e→ν̄s (L) = sin2 (2θ14) sin2

(
1.27 |∆m14 [eV ]|2 L [m]

Eν [MeV ]

)
(1)

where L is the source-detector distance , Eν is the neutrino energy and |∆m14|2 is the electron – sterile neutrino
square mass difference. As sterile neutrinos are observed indirectly, via electron anti-neutrino disappearance, one
considers variations in the electron anti-neutrino flux which are given by

Pν̄e→ν̄e (L) = 1− P (L) = 1− sin2 (2θ14) sin2

(
1.27 |∆m14 [eV ]|2 L [m]

Eν [MeV ]

)
Figure 3 shows the energy normalized oscillation length as a function |∆m14|2 . The energy normalized oscillation
length is defined as the length, normalized by the neutrino energy (i.e. L/Eν), required for a full phase transition
in the oscillation probability of Eq. 1 (i.e. the value of L/Eν and |∆m14|2 , for which

(
1.27 |∆m14|2 L/Eν

)
= π/2).

As can be seen, in the case of |∆m14|2 = 1 eV 2 the relevant scale is about L/Eν = 1.2 meter/MeV , while in the
cases of |∆m14|2 = 0.7 eV 2 and |∆m14|2 = 2.5 eV 2 the distance is about 2.0 and 0.5 meter/MeV respectively. We
note that assuming sin2 (2θ14) = 0.1, one can expect a maximal disappearance effect of 10%. The environment of
this mixing angle is expected, considering the weighted averaged of all reactor experiments [2] .

2 Event rate in a Liquid-Scintillator detector
Antineutrino detection is based on the inverse beta decay process: ν̄e + p → e+ + n. The emitted positron
looses it energy almost instantaneously and annihilated, emitting two 511 keV gammas, while the neutron has a
lifetime of ∼ 200 µSec before its captured on a proton, creating a deuteron and emitting a 2.1 MeV gamma ray.
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Fig 3: electron – sterile-antineutrino energy normalized oscillation length as a 
function of their square mass difference. The solid black lines mark the most probable 
square mass difference region determined by global analysis of world data. 
 

 

5. Event rate in a Liquid-Scintillator detector: 
Antineutrino detection is based on the inverse beta decay process: 

νe + p→ e+ + n . The emitted positron looses it energy almost instantaneously and 
annihilated, emitting two 511 keV gammas, while the neutron has a lifetime of ~200 
µSec before its captured on a proton, creating a deuteron and emitting a 2.1 MeV 
gamma ray. The coincidence between the positron annihilation and the neutron 
capture is a clear signature the antineutrino interaction. 
 
The inverse beta decay cross section is well known from reactor antineutrino 
measurements and is approximated by: 
Eq. 3  

σ Eν( ) = 2.23⋅10−44 × Eν −1.29
0.26

× Eν −1.29( )2 − 0.26      cm2⎡⎣ ⎤⎦.  

Convoluted with the 8Li antineutrino energy distribution the average cross section 
equals ~ 2.6×10-42 cm2. 
 
The expected event rate in 18 month of running using 20 cm thick 1x1 m2 liquid 
scintillator detectors located at different distances from the antineutrino source are 
listed in table-II and shown in Fig 4. The event rate is shown as a function of L/Eν, the 
energy normalized oscillation length. The calculation is done assuming no 
oscillations, a 8Li production rate of 5×1015 8Li/sec (i.e. reactor based production), 
and a hydrogen rich liquid-scintillator with 7.5×1022 protons/cm3 (e.g. Eljent EJ-321P 
/ Bicron BC-517P). Oscillations should change this rate by up to 10% (assuming 
sin2(2θ) ≈ 0.1) as we will show next. 
 
 

Figure 3: Electron – sterile-antineutrino energy normalized oscillation length as a function of their square mass
difference. The solid black lines mark the most probable square mass difference region determined by global analysis
of world data [1].

The coincidence between the positron annihilation and the neutron capture is a clear signature the antineutrino
interaction. The cross section for inverse beta decay process is given by [6]

σ (Eν) = (9.41± 0.09)× 10−44 × (Eν − 1.293)×
√

(Eν − 1.293)
2 − (0.511)

2

where σ is measured in cm2 and Eν is the anti-neutrino energy in MeV . Convoluted with the 8Li antineutrino
energy distribution the average cross section equals ∼ 2.6 × 10−42 cm2. The expected event rate in 36 months
of running using 20 cm thick liquid scintillator detectors located at different distances from the reactor core, are
listed in Table- and shown in Figure 4. The event rate is shown as a function of L/Eν , the energy normalized
oscillation length. The calculation is done assuming no oscillations, a 8Li production rate of 5× 1015 8Li/sec (i.e.
reactor based production), and a hydrogen rich liquid-scintillator with 7.5×1022 protons/cm3 (e.g. Eljent EJ-321P
/ Bicron BC-517P). Oscillations should change this rate by up to 10% (assuming sin2 (2θ14) ≈ 0.1) as we show in
the following.

3 Segmented Liquid-Scintillator detector
To study sterile neutrino oscillations over the mass square difference range of ∼ 0.5–5 eV 2, we propose a detector
made of 300 liquid scintillator bars, with dimensions of 200(height)×25 (width)×20 (thick) cm3 each. Scintillation
light from each bar will be read from both ends, using two PMTs, allowing for interaction location and total
energy deposition reconstruction (i.e. incoming neutrino energy reconstruction). The bars will be grouped to form
scintillator walls located at 5 distances from the reactor core. A proposed preliminary layout is listed in Table-??.
Figure 5 shows the expected total count rate, from all bars, in 36-month of running, as a function of L/Eν . The
calculation is based on the setup of Table-2, assuming 100% duty cycle, a 8Li source consist of four 80×60×16 cm3

high purity 7Li walls, and no oscillations. Figure 6 shows the observed-to-expected event rate ratio as a function
of L/Eν , assuming different square mass differences and sin2 (2θ14) = 0.1. The solid line is the result of a fit to a
constant. The larger the χ2 is the more pronounce the oscillation signal is. As can be seen, a clear oscillation signal
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Figure 4: The expected count rate in 20 cm thick, liquid scintillator detectors at different distances from the source
in one year running assuming no oscillations shown as a function of L/Eν , for the detector setup of Table-2 .
See text for details.

l0 - Reactor core to detector distance [m] No. of Bars Surface
[
m2
]

Rate [Events/36 months]

2.0 70 35 191,437
3.0 80 40 519,060
4.0 90 45 846,824
5.0 30 15 88,091
6.0 30 15 62,956

Total 300 Bars, 30 ton 1,708,352

Table 2: The proposed detector setup based on 200(height)× 25 (width)× 20 (thick) cm3 scintillator bars.

for |∆m14|2 ≥ 0.9 eV 2 can be observed already in a 36-month measurement.
Using the same technique implemented in Figure 6, a parameter space of the square mass difference and the

maximal disappearance effect was defined. For each point
(
|Δm14|2 , sin2 (2θ14)

)
, the ratio of observed-to-expected

events, as a function of L/Eν , was fitted to a straight line. The goodnes of fit χ2 was extracted, and the corresponding
Pval was calculated using the number of degrees of freedom for the fit. Two contours were then generated, for 90%
and 99% confidence levels, using ref. [3], respectively 2. Figure 7 presents these contours, for for the detector setup
of Table-2. Further optimization over the detector geometry and bars set-up is under way.

2One may refer to these contours as the exclusion of no-oscillations to sterile neutrino model with 90% and 99% confidence, respec-
tively.
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Figure 6: The observed-to-expected (assuming no oscillations) event rate ratio as a function of L/Eν for several
square mass differences, and sin2 (2θ14) = 0.1, along a 36-month measurement assuming 100% duty cycle.
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