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IsoDAR: motivation and goals
IsoDAR is motivated by observed anomalies in neutrino oscillation experiments that point to the potential
existence of sterile neutrinos — non-interacting partners of the Standard Model neutrinos.
LSND Anomaly

MiniBooNe Low Energy Excess

The Reactor Anomaly

Gallex/Sage Anomaly

‣A novel neutrino factory capable of producing 3x1022 well
understood νe per year.
‣Paired with a kiloton scale detector, IsoDAR can decisively test
the sterile neutrino hypotheses and accurately measure the
oscillation parameters if a sterile neutrino exist.
‣Distinguish between 3+1 versus 3+2 sterile neutrino model.
‣Collect the largest sample of a νe elastic scattering events. (This
could shed light into the NuTeV anomaly)
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How does IsoDAR work?
H2+ production

Acceleration

𝝼e production

𝝼e detection via IBD

𝝼e

e𝝼e

P

P
16 m

𝝼e

1. Produce and inject a high current H2+ beam into a cyclotron (front-end)
2. Accelerate 5 mA of H2+ to 60 MeV/amu
8Li
8Be + e- + v
3. Impinge on a 9Be target. 7Li+n
e
4. Map out oscillation anti-electron neutrino disappearance within a kiloton scale
detector
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Our front-end work
In 2013-2014, we built a preliminary front-end at BEST Cyclotron Systems in Vancouver
Canada.
Benchmark Simulation ✓
Test Spiral Inflector ✓
Test the Versatile Ion Source (VIS) ✓
The amount of H2+ produce by the VIS was on the lower bound of what is desired for
IsoDAR.
Solutions:
Part I. Brute force approach: build a high intensity ion source
Part II. Elegant approach: Improve the beam transport design using a Radio-Frequency
Quadrupole (RFQ)
*The ion source was developed as a H+ source, not H2+, so this was expected.
5
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Our front-end work

arXiv:1508.03850
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PART I
Our new ion source: MIST-v1

+
H2

ion sources

IsoDAR’s use of H2+:
1. reduces the space charge “perveance” by factor of 1.4
2. delivers two protons per ion on target
‣Little work has been done since the 80s to develop
H2+ ion source.
‣Lawrence Berkeley Laboratory developed a high
current source in 1983*:
‣H2+ fraction >70% ✓
‣Current density 110 mA/cm2 ✓
‣Key innovation: the plasma volume must remain
small.
‣H2+ will have a mean free path in the ion source of
~5 cm.
*Ehlers, K. W., and K. N. Leung. "High‐concentration H2+ or D2+ ion source." Review of Scientific Instruments 54.6 (1983): 677-680.
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Innovations: MIST-v1
Ehlers and Leung’s LBL Source

MIST-v1

10 column of SmCo magnets
10 cm radius by 9 cm length

12 columns of SmCo magnets
7.5 cm radius by 7 cm length

Axial plasma volume length: 2.0, 4.5 cm

Axial plasma volume length: 1.5 - 5.0 cm

Not water cooled.

Front plate and plasma chamber is water cooled

Back plate biasing (observed a 30% increase in extracted current)

Back plate biasing and plasma chamber biasing

Magnetic configuration: plasma chamber/back plate

Magnetic configuration: plasma chamber/back plate/front plate

*Images show the relative size between ion sources
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MIST-v1 concept
‣ A multi-cusp magnetic field is generated around the ion
source.
‣ The plasma chamber is filled with H2 gas.
‣ Longitudinal electric field produced by individually
biasing components.
‣ Pass a high-current through a tungsten filament.
‣ Electrons are ejected from the hot filament.
‣ They accelerate in the electric field, and gain sufficient
energy to ionize the H2 gas.
‣ H2+ diffuses out and extracted using high-voltage
electrodes.
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MIST-v1 concept
‣ A multi-cusp magnetic field is generated around the ion
source.
‣ The plasma chamber is filled with H2 gas.
‣ Longitudinal electric field produced by individually
biasing components.

H2 Gas
High Current

e- e-

‣ Pass a high-current through a tungsten filament.

ee-

‣ Electrons are ejected from the hot filament.

e-

E-field

‣ They accelerate in the electric field, and gain sufficient
energy to ionize the H2 gas.
‣ H2+ diffuses out and extracted using high-voltage
electrodes.
ICHEP 2016

14

Spencer N. Axani

MIST-v1 concept
‣ A multi-cusp magnetic field is generated around the ion
source.
‣ The plasma chamber is filled with H2 gas.
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High Current

He-2+e-

‣ Pass a high-current through a tungsten filament.

ee-
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e-

E-field
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MIST-v1 concept
‣ A multi-cusp magnetic field is generated around the ion
source.
‣ The plasma chamber is filled with H2 gas.
‣ Longitudinal electric field produced by individually
biasing components.

H2 Gas
High Current

e- eH2+

‣ Pass a high-current through a tungsten filament.

ee-

‣ Electrons are ejected from the hot filament.

e-

E-field

‣ They accelerate in the electric field, and gain sufficient
energy to ionize the H2 gas.
‣ H2+ diffuses out and extracted using high-voltage
electrodes.
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Particle trajectory and magnetic field simulation
COMSOL Simulation

‣40-80 eV electrons were injected
into the multi-cusp field.
‣Electrons were found to be
contained primarily in the sub-20
Gauss region (white circle).
‣The multi-cusp field “reflects” the
mobile charged particles back into
the center of the ion source.

Magnetic flux density for a cross section of the ion source.
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MIST-v1 final design

Rev. Sci. Inst. 87, 02B704

We should be able to test the ion
source within the next few weeks.
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PART II
Radio Frequency Quadrupole (RFQ)
Injection Strategy

What is an Radio Frequency Quadrupole (RFQ)
http://www.nextme.it/

A single device that is able to both efficiently
http://irfu.cea.fr/Sacm/
accelerate and bunch a high-current beam.
‣ great for accelerating low-energy ions
‣ very small emittance growth
‣ accelerates and focuses with a single field

Vanes

Modern technology. Becoming pervasive in
intensity frontier complexes like Fermilab.
As of yet, using an RFQ as a buncher for axial
injection into cyclotron has yet to be realized.

http://brookhavenlab.tumblr.com/

ICHEP 2016

A. Schempp
20

Spencer N. Axani

IsoDAR’s interest in RFQs
http://www.nextme.it/

Why an RFQ?
Accelerate

Separate

Focus

Bunch

Lower energy
required from
ion source

Early and eﬃcient
separaMon of p+
and H2+

Strong Focusing,
99% transmission
eﬃciency

Very high
bunching
eﬃciency (> 60%)

Smaller HV
plaNorm and
peripherals

No need for
addiMonal dipole
magnet

BeHer Phase
Acceptance in
Cyclotron

Improved H2+ Current

Compact for Underground
ICHEP 2016
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RFQ interfacing with the IsoDAR cyclotron
Spiral Inflector

Cyclotron

RFQ

Vacuum Pump

Rev. Sci. Inst. 87, 02B929

MIST-v1
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Conventional low-energy beam transport (LEBT)

Cyclotron

MIST-v1 replaces the
VIS

VIS

The RFQ design
replaces the
conventional LEBT

LEBT
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Entering the cyclotron
‣The design now needs to be optimized.
‣We can see that at the exit of the RFQ, the
beam is highly divergent.

Focusing
Element

‣15 cm from the exit, the 10 mA beam has
increased from 3mm to 8 mm, nearing the
limitations of our spiral inflector entrance
aperture.
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Outlook
‣Test stand for MIST-v1 is ready for initial beam characterization.
‣We will hopefully be able to contribute to the high-intensity ion source community.
‣Following the tests of MIST-v1, we will beginning investigating plasma heating via RF or
ECR/Microwave.
‣We received funding through NSF for the RFQ injection scheme.
‣Simulations and design are being refined.
‣RFQ injection into a cyclotron could hold much scientific merit in the intensity frontier
‣The preliminary design is promising but further in the design and mating to the
cyclotron are still being investigated.
‣Both studies are progressing rapidity and we hope to have measurements fairly soon.

Thank you for your attention!

Pictures…
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Pictures…
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Pentode Extraction System

Backup

Electron Repeller
-3 kV
HV Source
22 kV

Einzel Lens
20 kV

Grounded
electrode

•The simulation was performed with the wellestablished 2D ion source simulation software
IGUN.
•The electrode system is a pentode system with
the plasma electrode at 15 − 22 kV, a puller at
negative 1−5 kV, an Einzel lens at 13−20 kV,
an electron repeller at negative 1 − 5 kV, and a
grounded electrode.
•The simulation yields a 50 mA H2+ ion beam
with a 2-rms diameter of 8 mm and a
normalized 4-rms emittance of 0.6 π-mm-mrad
at the end of the simulation.
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Cooling system

Backup

•The front plate has embedded 3/16” copper cooling lines.
•The exterior of the plasma chamber is flooded by cooling
water.

•40 psi pressure simulations indicate a
maximum deflection of 3.5 micro meters on
the water jacket and 3.8 um on the front plate.
•O-ring surfaces have sub-um deflections
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How do RFQs work?

Backup

•Quadrupole transverse electric field produced by the 4-rod/vane design
allows for focusing.

•Can continuously focus the beam when driven by RF.

‣Modulations in the RFQ design make cause a longitudinal field (accel/decel
cells).
‣RF field adiabatically bunches
‣Bunching from gradually changing synchronous phase
‣Drive with properly tuned RF
‣Adiabatic bunching
‣and the particles with q/m see continuous acceleration
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Parmteq simulation parameters
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Simulation results

Backup

The beam at the exit of the
RFQ is fairly round.
Roughly 3 mm in radius.

The phase spread of each
particle. 60% of the particles are
contained within +/- 10 degrees
of the synchronous phase

Energy versus particle phase

Energy distribution centered
around the design energy (80
keV). 60% contained within
+/- 2 keV

Horizontal phase space. We see
it is diverging.

Vertical phase space. We see it is
converging.
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Uncertainties and backgrounds

Backup

‣KamLAND was designed to efficiently detect IBD. A standard analysis has a 92% efficiency
for identifying IBD events.
‣Vertex reconstruction resolution of 12 cm/E(MeV) and an energy resolution of 6.4%/E(MeV)
‣IBD interaction has a well known cross section with an uncertainty of 0.2%
‣The largest background comes from the 100 reactor antineutrino IBD events detected by KamLAND per year.
The reactor antineutrino rate is dependent on the operation of the nuclear reactors in Japan which has been
significantly lower in 2012 and 2013
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