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The DAEδALUS program
• The cyclotron as a new, intense source of decay-at-

rest neutrinos.  

• High-Q isotope  

• Pion/muon 

• Sterile neutrinos, weak mixing angle, NSI, δCP, ν-A 
coherent scattering, supernova xsec, accelerator, …
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8Li ! 8Be + e� + ⌫e



Cyclotrons
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An “isochronous cyclotron” design: 
magnetic field changes with radius, 

allowing multibunch acceleration
• Inexpensive (relatively) 
• Practical below ~1 GeV 
• Good for ~10% or higher duty factor 
• Typically single energy  
• Taps into existing industry
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The path to 800 MeV

Target/dump

Superconducting  
ring cyclotron

Ion source

Injector cyclotron 
(IsoDAR)
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A phased program
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Phase 

!

I 
!

!

II 
!

!

III 
!

!

IV

Produce 50 mA H2+ source, 
inflect, capture 5 mA and  

accelerate

Build the injector cyclotron, 
extract, produce antinu flux 

via 8Li

Build the first SRC, 
run this as a “near accel.” 
at existing large detector

Build the high power SRC, 
construct DAEδALUS

Best Inc. test-stand 
INFN Catania

Watchman 
KamLAND 

JUNO

NOvA 
LENA 

Super-K

JUNO 
Hyper-K 
LENA

What? 

!

Where? 

!

Science? 

!
Accelerator  

science

SBL  

SBL  

δCP  



Physics first: 
IsoDAR and DAEδALUS
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IsoDAR
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p+ 9Be ! 8Li + 2p

p+ 9Be ! 9B+ n

n+ 7Li ! 8Li + �

8Li ! 8Be + e� + ⌫e
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IsoDAR

820,000 IBD events in 5 years at KamLAND  
(16 m baseline to center of detector)



~4 years to build + 
1 year to run = 5 years… 
within the “lifetime” of  
a grad student or  
junior faculty 

sensitivity

#12

IsoDAR sensitivity

Thanks to B. Littlejohn and T. Lasserre



#135IsoDARνe Disappearance Search

• IsoDAR:  Isotope Decay-at-rest beam
(high intensityνe source)

• p (60 MeV@10ma)  into target  → 8Li
• 8Li → 8Be + e− +νe

– Knownνe energy spectrum (mean
event energy of 8.5 MeV)

– Use shape analysis with very small
systematic uncertainties

– Observe changes in the event rate as
a function of L/E

– ~160,000 IBD events / yr in 1kton

• Update options since Snowmass
(see “Update on the IsoDAR Program For P5”)

– Watchman 1kton Gd-doped water (or
scintillator) detector in old IMB cavern

– IsoDAR at JUNO (Daya Bay II) 20
kton liquid scintillator

Measurement Sensitivity IsoDAR@Kamland

Can also isolate 3+1 vs 3+2

IsoDAR precision

5 years @ KamLAND 
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IsoDAR’s high statistics and good L/E resolution provide the 
potential for distinguishing (3+1) and (3+2) oscillation models

5 yrs @ KamLAND

Observed/Predicted event ratio vs L/E, including energy and position smearing

#14

How many steriles?
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IsoDAR Updates since Snowmass

• Watchman Disappearance
Sensitivity

– 1kton Gd-doped water (or scintillator)

• Dissapearance Sensitivity with
JUNO (20 kton liquid scintillator)
– Complete coverage ofνe

appearance region
Dis/appearance sensitivity with JUNO 

(20 kton liquid scintillator)
Disappearance sensitivity with Watchman 

(1 kton Gd-doped water or scintillator)

Recent IsoDAR updates 
#15

(We continue to pursue a Baseline Design Report for Kamioka)

3 years3 years
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DAEδALUS and δCP

3

interaction oscillation measurement with a common de-
tector and multiple baselines. The main technical issue
in the two-target cyclotron design is maintaining a good
vacuum in the two-prong extraction line. The beam will
be “painted” across the face of each target in order to
prevent hot spots in the graphite, an e↵ect which will
dominate the ±25 cm uncertainty on the experimental L
from each neutrino source. The targets will be arranged
in a row enveloped within a single iron shield, with the
detector located 20 m downstream of the near target and
40 m downstream of the far target. This configuration
has been found to provide the best overall sensitivity to
the LSND allowed region.

The analysis below exploits the L dependence of neu-
trino oscillations. Therefore, the flux of protons on each
target must be well understood in time; standard proton
beam monitors allow a 0.5% measurement precision. The
absolute neutrino flux is less important, as sensitivity to
the oscillation signal depends on relative detected rates
at the various distances. The systematic uncertainty as-
sociated with the flux normalization is 10% if there is no
large water or oil detector available and 1.1% if such a
detector does exist [36]. A high statistics ⌫-electron scat-
tering measurement at a large water detector provides a
precise determination of the flux normalization.

IV. DETECTING COHERENT NEUTRINO
SCATTERING

Coherent neutrino-nucleus scattering, in which an in-
coming neutrino scatters o↵ an entire nucleus via neu-
tral current Z exchange [41], has never been observed
despite its well predicted and comparatively large stan-
dard model cross section. The coherent scattering cross
section is
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where GF is the Fermi constant; QW is the weak charge
[QW = N � (1 � 4 sin2✓W )Z, with N , Z, and ✓W as
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FIG. 1: Energy distribution of neutrinos from a DAR source.

the number of neutrons, number of protons, and weak
mixing angle, respectively]; M is the nuclear target mass;
T is the nuclear recoil energy; and E⌫ is the incoming
neutrino energy. The ⇠5% cross section uncertainty, the
actual value depending on the particular nuclear target
employed, is dominated by the form factor [42].
Coherent neutrino scattering is relevant for the under-

standing of type II supernova evolution and the future de-
scription of terrestrial supernova neutrino spectra. Mea-
suring the cross section of the process also provides sensi-
tivity to non-standard neutrino interactions (NSI) and a
sin2 ✓W measurement at low Q [31]. Cross section mea-
surements as a function of energy on multiple nuclear
targets can allow the cross section dependence on NSI
and ✓W to be isolated and understood. As demonstrated
here, neutrino oscillations can also be cleanly probed us-
ing coherent scattering.
The di�culty of coherent neutrino scattering detection

arises from the extremely low energy of the nuclear recoil
signature. For example, a 20 MeV neutrino produces a
maximum recoil energy of about 21 keV when scattering
on argon. Both a CDMS-style germanium detector [34]
and a single phase liquid argon detector, such as the one
proposed for the CLEAR experiment [33], are consid-
ered in this paper for detecting these low energy events.
Other dark matter style detector technologies, especially
those with ultra-low energy thresholds, can be e↵ective
for studying coherent neutrino scattering as well.

A. Experimental Setup

The envisioned experimental setup is consistent with
the current DAE�ALUS accelerator proposal and follows
a realistic detector design. A single DAE�ALUS cy-
clotron will produce 4⇥ 1022 ⌫/flavor/year running with
a duty cycle between 13% and 20% [37, 39]. A duty cy-
cle of 13% and a physics run exposure of five total years
are assumed here. With baselines of 20 m and 40 m,
the beam time exposure distribution at the two baselines
is optimal in a 1 : 4 ratio: one cycle to near (20 m),
four cycles to far (40 m). Instantaneous cycling between
targets is important for target cooling and removes sys-
tematics between near and far baselines associated with
detector changes over time. The accelerator and detector
location is envisioned inside an adit leading into a sharp
300 ft rise at the Sanford Research Facility at Homes-
take, in South Dakota. The neutrino flux normalization
uncertainty at each baseline is conservatively expected
at 1.5%. We assume the flux has been constrained to
this level by an independent measurement of ⌫-electron
scattering with a large water-based Cerenkov detector
also assumed to be in operation at Sanford Labs. The
1.5% uncertainty estimate takes into consideration the
theoretical uncertainty in the ⌫-electron scattering cross
section and the statistics achievable with a large water
detector. The flux normalization correlation coe�cient
between the near and far baselines is conservatively set
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DAEδALUS and δCP

Near site gives absolute normalization to 1% via νe-e 
Relative flux between sites can be constrained with νeO (νeC)

Near site Mid site Far site

δ = π/2	



δ=0	



!

Constrains initial flux Constrains rise probability Fit for                   appearance

⌫µ ! ⌫e

⌫µ ! ⌫e



9CP Violation Sensitivity

• Daeδalus has good CP sensitivity as a stand-alone experiment.
– Small cross section, flux, and efficiency uncertainties

• Daeδalus can also be combined with long baseline ν-only data to
give enhanced sensitivity, i.e. Hyper-K
– Long baseline experiments have difficulty obtaining good

statistics forνµ→νe which DAEδALUS can provide
– Daeδalus has no matter effects and can help remove ambiguities.

10 yrs

δCP sensitivity
• DAEδALUS has strong δCP sensitivity by itself. 

• Can be combined with long-baseline data (e.g. Hyper-K) for enhanced 
sensitivity. 

• Good statistics with anti-neutrinos, no matter effects, orthogonal systematics. 

• Big discoveries want (need?) multiple, independent experiments.

#18
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δCP Sensitivity Compared to OthersδCP comparison
#19



Broader impacts

Rate

Flux

Figure 7: The flux and IBD event distribution expected with the baseline IsoDAR design.

3 Partnerships Allowed By The IsoDAR Base Design

The design of the IsoDAR accelerator has been influenced by potential partnerships with industry
and with other particle physics experiments. This is essential to the cost-e↵ectiveness of the exper-
iment. Thus, when weighing the design choices, we have kept in mind the impact of design changes
on partnerships. Here, we consider the potential needs of these partnerships.

3.1 With the Medical Isotope Industry

IsoDAR opens the opportunity for a partnership between neutrino physics and industry, an aspect
that adds considerably to the cost-e↵ectiveness of the base design. Cyclotrons are widely used to
produce medical isotopes. A 60 to 70 MeV machine produces a unique set of isotopes not available
at lower energies, summarized in Table 4. The latest generation of accelerators at 70 MeV, running
at 750 µA, are sold by IBA [33] and BEST [34]. IsoDAR’s 10 mA of protons will lead to a substantial
increase in production of these isotopes. Ref. [35] provides a tutorial on isotope production and its
connection to IsoDAR.

Isotope Half-life Use
52Fe 8.3 h The parent of the PET isotope 52Mn

and iron tracer for red-blood-cell formation and brain uptake studies.
122Xe 20.1 h The parent of PET isotope 122I used to study brain blood-flow.
28Mg 21 h A tracer that can be used for bone studies, analogous to calcium.
128Ba 2.43 d The parent of positron emitter 128Cs.

As a potassium analog, this is used for heart and blood-flow imaging.
97Ru 2.79 d A �-emitter used for spinal fluid and liver studies.
117mSn 13.6 d A �-emitter potentially useful for bone studies.
82Sr 25.4 d The parent of positron emitter 82Rb, a potassium analogue.

This isotope is also directly used as a PET isotope for heart imaging.

Table 4: Medical isotopes relevant at IsoDAR energies, from Ref. [36].
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MW-CLASS 800 MeV/n H+
2 SC-CYCLOTRON FOR ADS APPLICATION,

DESIGN STUDY AND GOALS∗

F. Méot, T. Roser, W. Weng, BNL, Upton, Long Island, New York, USA
L. Calabretta, INFN/LNS, Catania, Italy; A. Calanna, CSFNSM, Catania, Italy

Abstract
This paper addresses an attempt to start investigating

the use of the Superconducting Ring Cyclotron (SRC)
developed for DAEδALUS experiment for ADS applica-
tion [1, 2], focusing on the magnet design and its impli-
cation for lattice parameters and dynamic aperture perfor-
mance.

INTRODUCTION
Accelerator Driven Sub-critical (ADS) fission is a

promising candidate basis for nuclear waste transmutation
and for nuclear power generation. ADS can use Thorium
or depleted Uranium as fuel, operate below criticality, and
consume rather than produce long-lived actinides. ADS
systems offer several interesting advantages in comparison
to traditional critical reactors :

1. ADS provides greater flexibility for the composition
and placement of fissile, fertile, or fission product waste
within the core, and require less enrichment of fissile con-
tent;

2. The core can be operated with a reactivity keff that
cannot reach criticality by any failure mode.

3. Coupling the fast neutron spectrum of the spallation
drive to fast core neutronics offers a basis for more com-
plete burning of long-lived actinides.

4. ADS designs can provide sufficient thermal mass that
meltdown cannot occur from radioactive heat after fission
is stopped. Furthermore, if a liquid Thorium fuel is used,
much less nuclear waste will be generated and the fuel can
be recycled continuously without stoppage of the opera-
tion.

A modular reactor capable of delivering few hundred
MW of electrical power is considered to be one possible
type of application of immediate use. In order to drive a
∼GWe fission core, a CW proton beam of >800 MeV and
∼15 MW beam power is sufficient. A previous study of the
accelerator performance required for ADS systems [3] con-
cluded that present accelerator performance is approaching
those requirements, but accelerator system cost and relia-
bility remain particular concerns. The obvious candidates
that can provide intense CW proton beams are isochronous
cyclotrons and superconducting linacs.

The target system, reactor interface, neutronics perfor-
mance, and reliability are also important concerns. At cur-
rent technology level, a target system in the range of 3 to

∗Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.

Figure 1: Possible arrangement of a pair (out of a series) of
12.5 MW beam power sub-critical units, based on a 10 MW
SRC and its two 60 MeV/amu injectors. In case of failure in
a cyclotron, it is possible to increase the beam power from
the others and maintain a total 12.5 MW per unit [1, 2].

Table 1: Parameters of the SRC.
Ion type H+

2

Ion mass MeV/c2 1876.635
Injection-extraction energy MeV/amu 60.44− 800
Inj.-extr. Bρ T.m 2.283− 9.809
Bρxtr/Bρinj 4.2969
Inj.-extr. βγ 0.3647− 1.567
Injection-extraction radii m 1.99− 4.90
Orbit excursion m 2.935
Max. field on orbit, inj.-extr. T 4− 5.8
Lattice type spiral sector
Spiral angle deg. < 12
Number of sectors 8
Qr range (min.-max.) 1.085− 1.927
Qz range (min.-max.) 0.486− 1.161
Number of RF cavities > 6
RF frequency MHz 49.2
Peak voltage MV 1
Energy gain per turn MeV 4.6

5 MW can be developed in few years time for deployment
in an ADS facility. Our previous study [4] indicates that a
configuration consisting of 3∼5 high power cyclotrons and
associated target systems can best meet the requirement of
a medium size power generation facility.

The present paper addresses an attempt to start investi-
gating the use of the cyclotron developed for DAEδALUS
experiment for ADS application, focusing on the magnet
design and its implication for lattice parameters and dy-
namic aperture performance. The Multi-MegaWatt Super-
conducting Ring Cyclotron (SRC), which has to supply the
few MW beam for the DAEδALUS experiment, is shown
in Fig. 1. Preliminary parameters are presented in table 1.

Proceedings of IPAC2012, New Orleans, Louisiana, USA THPPR064

08 Applications of Accelerators, Technology Transfer and Industrial Relations
U03 Transmutation and Energy Production
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IsoDAR design is uniquely 
applicable for medical 

isotope production

Thorium reactor community  
is interested in DAEδALUS  



The physics is there.  

!

What are the challenges and how is progress?

#21



IsoDAR challenges
#22

Most ions are lost in the first “turn” because they hit material. 
!

To capture 5 mA we will need between 35 and 50 mA injected.

• Ion source intensity

The first turn after axial inflectionThe ion source



IsoDAR challenges
#23

Getting the beam into the cyclotron requires taking it from the vertical to 
the horizontal plane. This is hard. 

!
->an iterative R&D process.

• Inflection



IsoDAR challenges
#24

Beam is now being characterized at Best Cyclotrons, Inc, Vancouver 
(Best Cyclotron Systems, INFN-Catania, and MIT -- NSF funded)

Beam directionDAEδALUS 

Experimental configuration!

Best Status Update! 5!
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IsoDAR challenges
Beam is now being characterized at Best Cyclotrons, Inc, Vancouver 

(Best Cyclotron Systems, INFN-Catania, and MIT -- NSF funded)

DAEδALUS 
Best Status Update! 19!

Finished "
Beam Line!

DAEδALUS 

Luciano + Gang!

Best Status Update! 3!



IsoDAR challenges
#26

How much beam can we accelerate?  
A question for simulation and experiment! 
!
-Intense ion source 
-Limit space charge 
-Control emittance 
-Remove high-vibrational states 
-Limit losses at extraction 

Beam dynamics sim

The final turns in the injector

DAEδALUS 

Example of tracking:!
Particle @ 60 keV with starting phase -10/0/10!

Starting point @ 19 cm!



• The target, shielding, and implementation

IsoDAR challenges
!

• Obtaining 99.99% pure 7Li. Molten salt reactors use this. High end 
of estimate is 2.5M. There is 50 kg under study at MIT now. 

• Forming the sleeve. Working with Bartoszek engineering.  

• Heat dissipation (600 kW). Beam will be painted across embedded 
Be target face. 

• Activation and shielding studies                                                         
are a priority now. 

• Fast/thermal neutrons as a background                               for 
antineutrino events.

#27

IsoDAR challenges

• Underground location



Conclusions
• The DAEδALUS collaboration is pursuing a phased approach 

towards a precise measurement of δCP. 

• There is physics at each phase. 

• IsoDAR, in combination with (e.g.) KamLAND, will provide a 
definitive statement on the sterile neutrino. 

• These cyclotrons have applications outside of particle physics…
and industry is pursuing these machines by our side!

#28



Other (published) physics
Precision Anti-nue-electron Scattering Measurements with IsoDAR to 
Search for New Physics  
arXiv:1307.5081  — PRD 
!
Electron Antineutrino Disappearance at KamLAND and JUNO as Decisive 
Tests of the Short Baseline Anti-numu to Anti-nue Appearance Anomaly 
arXiv:1310.3857  — submitted to PR Brief Reports 
!
Coherent Neutrino Scattering in Dark Matter Detectors  
arXiv:1201.3805  — PRD 
!
Measuring Active-to-Sterile Neutrino Oscillations with Neutral Current 
Coherent Neutrino-Nucleus Scattering   
arXiv:1201.3805  — PRD 
!
Short-Baseline Neutrino Oscillation Waves in Ultra-Large Liquid 
Scintillator Detectors 
arXiv:1105.4984  — JHEP 

IsoD
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Backup



Next steps
• Bring the upstream line to 35-50 mA 

• Iterate on the spiral inflector design 

• Capture and accelerate up to 7 MeV 

• Scientific goals: demonstrate high intensity injection and capture. 

• Practical goal: Produce equipment that can move directly to the 
first IsoDAR program 

• The “front end” 

• The inflector 

• Diagnostic equipment
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Present machines  
inject p or H- 

!
We inject H2+

Comparing strength of space charge at injection: 
!

5 mA,  35 keV/n of H2+ =  2 mA, 30 keV of p (already achieved in commercial cyclotrons) 
!
!

(The beam width increases because the H2+ ions repel 
each other. This is a big problem at injection and near the 

outside of the cyclotron where the turn spacing is low)

IsoDAR challenges
• Space charge

#32



The oscillation of muon-flavor to electron-flavor	


at the atmospheric Δm2	



may show CP-violation dependence!

}
terms depending on	


mass splittings

}
terms depending on	


mixing angles

We want to see	


if δ is nonzero

in a vacuum…
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Figure 11: Comparison of IsoDAR to alternative designs. See text for explanation.

• Value to future physics programs: Good: multiple examples of applications in physics; Mod-
erate: one other example; Bad: no examples. In the case of IsoDAR, these include application
of the technology to DAE�ALUS and to rare isotope production facilities such as Legnaro,
Holifield, and the 70 MeV cyclotron in Nantes.

• Value of this development to industry: Good: multiple examples of interested industries;
Moderate: one other example; Bad: no examples. In the case of IsoDAR, the IBA and BEST
Cyclotron Systems companies have both demonstrated interest in the design.

Based on this study, we conclude that the IsoDAR base design is the best technology choice for
the planned physics application.

29

IsoDAR cost estimates at present
Cost-effective design options for IsoDAR 

A. Adelmann et al. arXiv:1210.4454

1st source constructed -> $30M base cost (2013 $) recommended contingency as of now: 50% 
after first engineering design: 20%If more sources are constructed: $15M each

DOE-sponsored study on a 2 mA proton machine

This is a simpler machine. 
  
IsoDAR will cost more 
because the machine is 
larger…but this sets the 
scale.

Other options?



DAEδALUS cost estimates at present
$130M near accelerator, $450M for the 3 sites.  

This includes various contingencies, 20% to 50% 
!

Assumes component cost drops by 50% after first production. 
Does not include site-specific cost (buildings)

SRC is the cost driver. See: “Engineering study for the DAEdALUS sector magnet”;  
Minervini et al. arXiv:1209.4886  
!
The RF is based on the PSI design, for which we have a cost. 
!
The similarity to RIKEN allows a cost sanity check. We have a cost for this. 
!
All targets are ~1 MW (similar to existing), noting that each cyclotron can have multiple targets.  

!!



DAEδALUS progress 21
Questions 3:  DAEδALUS - Supporting Docs

Engineering design,
Assembly Plan,
Structural analysis,
Cryo system design

Engineering Study of SRC,  arXiv: 1209.4886Engineering study of SRC, arXiv:1209.4886
Engineering design 

Assembly plan 
Structural analysis 

Cryo system design



Five Years of Running at KamLAND!

41!

2

sues.
The beam can be extracted from the cyclotron in two

di↵erent ways: (1) direct extraction of H+
2 using an elec-

trostatic septum and (2) stripping extraction. Numerical
simulations based on Ref. [23] predict tolerable loss rates
in the case of direct extraction. The alternative approach
is extraction using a stripper foil similar to that which is
described in Ref. [24]. Both variants will be considered in
the detailed design of the machine. We currently assume
a stripper foil extraction, resulting in a proton beam of
60 MeV delivered at 10 mA.

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 [25] 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 mate-
rial 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 en-
hanced 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 negligible.
Figure 1 displays the target and sleeve geometry and Ta-
ble I summarizes the experimental parameters. We note
that the geometry of the design is similar to that which
is described in Ref. [10].

We determine isotope production rates using a
GEANT4 simulation [26]. 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

7Li (99.99%)
sleeve

9Be target
surrounded 

by D2O 

Proton beam

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.

charge exchange. For neutron energies below 20 MeV,
the high-precision package uses the ENDF/B-VII data
library [27].
Although all isotopes are considered in this analysis,

the induced 8Li source in the sleeve dominates the an-
tineutrino flux. The simulation yields 14.6 8Li isotopes
for every 1000 protons (60 MeV) on target. Approxi-
mately 10% of all 8Li is produced inside the target; the
rest is produced in the sleeve. Neutrinos and antineu-
trinos from other unstable isotopes are produced at a
comparatively negligible rate. Over a five year run pe-
riod and with a 90% duty cycle, 1.29⇥1023 antineutri-
nos from 8Li are created. IsoDAR’s nominal oscillation
analysis is done in terms of “shape-only” in L/E and is
therefore independent of the absolute flux normalization.
However, a “rate+shape” analysis using an absolute flux
normalization uncertainty of 5% is also considered in this
study.
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Configuration Source(s) Average Detector Fiducial Run
Name Long Baseline Volume Length

Beam Power

DAE�ALUS@LENA DAE�ALUS only N/A LENA 50 kt 10 years

DAE�ALUS@Hyper-K DAE�ALUS only N/A Hyper-K 560 kt 10 years

DAE�ALUS/JPARC DAE�ALUS Hyper-K 560 kt 10 years
(nu only)@Hyper-K & JPARC 750 kW

JPARC@Hyper-K JPARC 750 kW Hyper-K 560 kt 3 years ⌫ +
7 years ⌫̄ [3]

LBNE FNAL 850 kW LBNE 35 kt 5 years ⌫
5 years ⌫̄ [6]

Table 1: Configurations under study for Snowmass.

Phase IV introduces the modifications for high-power running needed at the mid and far sites for
CP -violation studies.

The program requires free proton targets, hence water or scintillator detectors. The original case
was developed for a 300 kt Gd doped water detector at Homestake, in coordination with LBNE
[7]. Subsequently, DAE�ALUS was incorporated into LENA [8] (called “DAE�ALUS@LENA”).
As a 50 kt scintillator oil detector, LENA is substantially smaller than the original 300 kt water
design, but has the advantage of lower backgrounds. The sensitivity of DAE�ALUS@LENA is shown
in Fig. 1 (Top). For the Snowmass study, we have also considered a phased program in Japan,
beginning by pairing with the existing Super-K detector (with Gd-doping) and followed by running
with a Gd-doped 560 kt Hyper-K [3] (“DAE�ALUS@Hyper-K”). This program could be combined
with Hyper-K running with the 750 kW JPARC beam (“DAE�ALUS/JPARC@Hyper-K”). In this
scenario, JPARC provides a pure ⌫

µ

flux, which is the strength of a conventional beam, while
DAE�ALUS provides a high statistics ⌫̄

µ

flux. This leads to a impressive sensitivity to �

CP

, as
shown on Fig. 1 (Top). A comparison with the expectation of a 35 kt LBNE detector running at
850 kW [6] and JPARC@Hyper-K [3] is shown in Fig. 1 (Bottom). A summary of the assumptions
for the various configurations is provided in Table 1. Further description of this study is in [9]. A
short-baseline beam from the ESS [10] may also be appealing, as neither the DAE�ALUS nor ESS
baselines are subject to matter e↵ects.

This idea for a CP violation search has been well received by the wider community. The NRC
Committee to Assess the Science Proposed for a Deep Underground Science and Engineering Lab-
oratory wrote: “Proposals for new second generation experiments with water Cherenkov detectors
include very imaginative possibilities, such as the DAE�ALUS proposal to create neutrinos using a
series of small nearby cyclotrons” [11].

2.2 IsoDAR: A Search for ⌫̄
e

Disappearance at Short Baseline

IsoDAR is a novel isotope decay-at-rest source of ⌫̄

e

for Beyond Standard Model searches. The source
[12] consists of an accelerator producing 60 MeV protons [18] that impinge on a 9Be target, producing
neutrons. IsoDAR can use the same cyclotron design as the injector cyclotron for the two-cyclotron
DAE�ALUS system. The protons enter a surrounding 99.99% isotopically pure 7Li sleeve, where
neutron capture results in 8Li; this isotope undergoes � decay at rest to produce an isotropic ⌫̄

e

flux with an average energy of ⇠6.5 MeV and an endpoint of ⇠13 MeV. The ⌫̄

e

will interact in a
scintillator detector via inverse beta decay (IBD), ⌫̄

e

+ p ! e

+ + n, which is easily tagged through
prompt-light–neutron-capture coincidence. When paired with KamLAND [19], the experiment can
observe 8.2⇥ 105 reconstructed IBD events in five years. With this data set, IsoDAR will decisively
test sterile neutrino oscillation models, allow precision measurement of ⌫̄

e

-e scattering, and search

4

δCP sensitivity assumptions



Figure 5: Proton energy versus current for various existing machines. The type of accelerator is
indicated. Various types of cyclotrons are noted, where FF is the Fixed Field or Classical Cyclotron;
FM is the Frequency Modulation (Synchro-) Cyclotron; and AVF is the Azimuthal Varying Field
Cyclotron. This plot is taken from Ref. [42].

world’s first ring cyclotron that uses superconducting magnets, and has the strongest beam bending
force among the cyclotrons. The magnet design for the 800 MeV/n DAE�ALUS SRC is based on
RIKEN. RIKEN does not appear on Figure 5 because it is a heavy ion rather than a proton machine.
As such, the current from the RIKEN machine is limited by the available shielding, and not by
the machine design. RIKEN can boost the ion beam energy up to 440 MeV/nucleon for light ions
and 350 MeV/nucleon for very heavy ions, such as uranium nuclei, to produce intense radioactive
beams. The ring cyclotron consists of six major superconducting sector magnets with a maximum
field of 3.8 T. The total stored energy is 235 MJ, and its overall dimensions are 19 m diameter, 8 m
height and 8,300 tons. The magnet system assembly was completed in August 2005 and successfully
reached the maximum field in November 2005. After magnetic field measurements for two months, the
superconducting magnets was installed and the first beam was extracted from the SRC in December
2006.

3.2 Cyclotrons as pion/muon factories

Cyclotrons have been used to produce pions and muons for many years; what is novel about DAE�ALUS
is their application as drivers for DAR sources, in which the pions and muons come to rest and decay
to neutrinos. In fact, two out of three of the major “meson factories” commissioned in the 1970s were

8

Keys to higher current:  
H2+, intense ion source, inflect and extract with low losses, limit space charge

TRIUMF accelerates H- but with a much lower peak field because of Lorentz stripping.

PSI is an 8-sector normal conducting machine. 

RIKEN is a heavy ion SRC and is most similar to our current design. 
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interaction oscillation measurement with a common de-
tector and multiple baselines. The main technical issue
in the two-target cyclotron design is maintaining a good
vacuum in the two-prong extraction line. The beam will
be “painted” across the face of each target in order to
prevent hot spots in the graphite, an e↵ect which will
dominate the ±25 cm uncertainty on the experimental L
from each neutrino source. The targets will be arranged
in a row enveloped within a single iron shield, with the
detector located 20 m downstream of the near target and
40 m downstream of the far target. This configuration
has been found to provide the best overall sensitivity to
the LSND allowed region.

The analysis below exploits the L dependence of neu-
trino oscillations. Therefore, the flux of protons on each
target must be well understood in time; standard proton
beam monitors allow a 0.5% measurement precision. The
absolute neutrino flux is less important, as sensitivity to
the oscillation signal depends on relative detected rates
at the various distances. The systematic uncertainty as-
sociated with the flux normalization is 10% if there is no
large water or oil detector available and 1.1% if such a
detector does exist [36]. A high statistics ⌫-electron scat-
tering measurement at a large water detector provides a
precise determination of the flux normalization.

IV. DETECTING COHERENT NEUTRINO
SCATTERING

Coherent neutrino-nucleus scattering, in which an in-
coming neutrino scatters o↵ an entire nucleus via neu-
tral current Z exchange [41], has never been observed
despite its well predicted and comparatively large stan-
dard model cross section. The coherent scattering cross
section is

d�

dT
=

G2
F

4⇡
Q2

W M

✓
1� MT

2E2
⌫

◆
F (Q2)2 , (3)

where GF is the Fermi constant; QW is the weak charge
[QW = N � (1 � 4 sin2✓W )Z, with N , Z, and ✓W as
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FIG. 1: Energy distribution of neutrinos from a DAR source.

the number of neutrons, number of protons, and weak
mixing angle, respectively]; M is the nuclear target mass;
T is the nuclear recoil energy; and E⌫ is the incoming
neutrino energy. The ⇠5% cross section uncertainty, the
actual value depending on the particular nuclear target
employed, is dominated by the form factor [42].
Coherent neutrino scattering is relevant for the under-

standing of type II supernova evolution and the future de-
scription of terrestrial supernova neutrino spectra. Mea-
suring the cross section of the process also provides sensi-
tivity to non-standard neutrino interactions (NSI) and a
sin2 ✓W measurement at low Q [31]. Cross section mea-
surements as a function of energy on multiple nuclear
targets can allow the cross section dependence on NSI
and ✓W to be isolated and understood. As demonstrated
here, neutrino oscillations can also be cleanly probed us-
ing coherent scattering.
The di�culty of coherent neutrino scattering detection

arises from the extremely low energy of the nuclear recoil
signature. For example, a 20 MeV neutrino produces a
maximum recoil energy of about 21 keV when scattering
on argon. Both a CDMS-style germanium detector [34]
and a single phase liquid argon detector, such as the one
proposed for the CLEAR experiment [33], are consid-
ered in this paper for detecting these low energy events.
Other dark matter style detector technologies, especially
those with ultra-low energy thresholds, can be e↵ective
for studying coherent neutrino scattering as well.

A. Experimental Setup

The envisioned experimental setup is consistent with
the current DAE�ALUS accelerator proposal and follows
a realistic detector design. A single DAE�ALUS cy-
clotron will produce 4⇥ 1022 ⌫/flavor/year running with
a duty cycle between 13% and 20% [37, 39]. A duty cy-
cle of 13% and a physics run exposure of five total years
are assumed here. With baselines of 20 m and 40 m,
the beam time exposure distribution at the two baselines
is optimal in a 1 : 4 ratio: one cycle to near (20 m),
four cycles to far (40 m). Instantaneous cycling between
targets is important for target cooling and removes sys-
tematics between near and far baselines associated with
detector changes over time. The accelerator and detector
location is envisioned inside an adit leading into a sharp
300 ft rise at the Sanford Research Facility at Homes-
take, in South Dakota. The neutrino flux normalization
uncertainty at each baseline is conservatively expected
at 1.5%. We assume the flux has been constrained to
this level by an independent measurement of ⌫-electron
scattering with a large water-based Cerenkov detector
also assumed to be in operation at Sanford Labs. The
1.5% uncertainty estimate takes into consideration the
theoretical uncertainty in the ⌫-electron scattering cross
section and the statistics achievable with a large water
detector. The flux normalization correlation coe�cient
between the near and far baselines is conservatively set

8Li ! 8Be + e� + ⌫e

• Scintillator or Gd-doped water detector 
• Prompt positron signal followed by neutron capture

⌫e + p ! e+ + n
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