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Concept for a Space-based Near-Solar Neutrino Detector

N. Solomey, J. Folkerts, H. Meyer, C. Gimar, J. Novak, B. Doty, T. English,
L. Buchele, A. Nelsen, R. McTaggart, M. Christl

• It may be possible to build a neutrino detector for close approach to
the Sun.

• Neutrino flux increases by 10,000x at 3R� increasing effective mass for
close approach.

• Double-coincidence gallium neutrino signals allow for rejecting high-
rate space backgrounds.
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Abstract

The concept of putting a neutrino detector in close orbit of the Sun has been
unexplored until very recently. The primary scientific return is to vastly
enhance our understanding of the solar interior, which is a major NASA goal.
Preliminary calculations show that such a spacecraft, if properly shielded, can
operate in space environments while taking data from neutrino interactions.
These interactions can be distinguished from random background rates of
solar electromagnetic emissions, galactic charged cosmic-rays, and gamma-
rays by using a double pulsed signature. Early simulations of this project
have shown this veto schema to be successful in eliminating background and
identifying the neutrino interaction signal in upwards of 75% of gamma ray
interactions and nearly 100% of other interactions. Hence, we propose a new
instrument to explore and study our Sun. Due to inverse square scaling,
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this instrument has the potential to outperform Earth-based experiments
in several domains such as making measurements not accessible from the
Earth’s orbit.

Keywords: neutrino, gallium, double-pulse, solar, scintillating crystal

1. Introduction

Since neutrinos only interact weakly, they are hard to detect; neverthe-
less, within the last ten years neutrino detectors on Earth have started to
reliably detect neutrinos from the fusion reactions inside the Sun and sci-
entists have started to use this information to investigate the Sun’s nuclear
furnace. For example, Super Kamiokande (Super K) has been able to produce
a now-famous image of the sun in Neutrinos[1], and Borexino has been able
to experimentally verify high metallicity standard solar models’ (SSM) pre-
dicted neutrino fluxes[2]. These neutrino detectors are normally very large
and deep underground. They are large because they need as much mass
as possible to capture more neutrinos, and they are underground to reduce
background rates. Clearly there is a scientific advantage associated with the
increased neutrino flux of flying near the sun, but there is also scientific merit
in designing a space-capable detector which can get further from the sun and
benefit from the decreased solar neutrino flux to search for galactic neutrinos
or for weakly interacting dark matter candidates.

We propose three distinct possibilities for science using the Neutrino Solar
Observatory (νSOL):

1. Going closer to the Sun, see Table 1, the 1/r2 neutrino flux would
provide 1,000x more neutrinos per second at a distance of seven solar
radii (7R� ≈ 5 · 106 km), approximately where the NASA Parker Solar
Probe currently operates. Getting as close as 3 R�, which some NASA
scientists think is possible, the neutrino flux would be increased by a
factor of 10,000x [3]. In this regime, there are several opportunities
for new science. First, such a detector may be able to make statistical
measurements better than currently possible. Such a detector could
perform an analysis similar to one performed by Borexino to verify
predictions of the SSM [2]. By flying in the region between the earth
(215R�) and the sun, a space-based detector may be able to search for
evidence that confirms the standard predictions of neutrino decoher-
ence by the Sun’s surface, or it may be able to find that the neutrinos
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are not yet fully de-coherent in regions near the sun. Both of these
objectives would be accomplished by looking for deviation from the
expected electron-neutrino probability in the measured neutrino flux.
Finally, a detector near the sun may be able to indirectly search for
dark matter by looking for disruptions to the fusion region inside the
sun [3].

2. Because the neutrino has a non-zero mass, which we know from the
existence of neutrino oscillations, the Sun bends space to create a grav-
itational focus. For neutrinos, this gravitational focus would be very
close to us at 20 to 40 AU (3.0 · 109 to 6.0 · 109 km). This distance is
easily reachable with current technology, unlike the gravitational focus
for light which is 450 to 750 AU (6.7 · 1010 to 1.1 · 1011 km) away [4].
This solar neutrino focus could be a testing ground for gravitational
lens ideas. The galactic core is 27,000 light years away from us, is
about two times larger than the moon when viewed from earth, and is
the 2nd largest neutrino source in the sky after the sun [5, 6, 7]. The
galactic core not only has many neutrino-producing stars, but it also
∼ 10, 000 neutron stars and black holes in the central cubic parsec of
the core. Matter falling into these objects is crushed, producing neu-
trons and isotropically emitted neutrinos of higher energy than solar
fusion neutrinos. A detector at the solar neutrino focus would permit
imaging of the galactic core and just finding the neutrino gravitational
focus of the Sun would be a new way to measure the neutrino mass.
Such a gravitational focus mission would be more limited in terms of
studying fusion, but would be in a lower radiation environment than a
mission to the sun.

3. A space-based neutrino probe can take advantage of the changing shape
of the 1/r2 neutrino flux along highly elliptical orbit; when we approach
the sun, we expect to see a curve matching the 1/r2 modulation of the
SSM neutrino emission. When traveling away from the Sun, deviations
from the expected 1/r2 curve are an indication of the direct observation
of dark matter or galactic neutrinos [3].

Although operating a neutrino detector in space will be challenging, we
believe we have found a way to do this. Our technique would permit op-
eration and detection in space, would be a major advance for astrophysics
and heliophysics, and would allow for new ways to make elementary particle
physics fundamental measurements, all of great importance.
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Distance from Sun Flux relative to Earth

696342 km (R�) 46200
1500000 km (∼ 3R�) 10000
4700000 km (∼ 7R�) 1000
15000000 km 100
47434000 km 10
Mercury 6.4
Venus 1.9
Earth 1(6.544·1010 cm−2 s−1)
Mars 0.4
Asteroid Belt 0.1
Jupiter 0.037
Saturn 0.011
Uranus 0.0027
Neptune 0.00111
Pluto 0.00064
KSP 0.0002
Voyager 1 (2015) 0.00006

Table 1: Intensity of solar neutrinos at various distances from the Sun relative to the flux
at Earth and total solar neutrino flux at earth[8].
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2. Detector Design

νSOL is designed around an explorer-class NASA mission, which puts
an upper limit of $350 million on expenditures as a Medium-Class Explor-
ers (MIDEX) mission. Within this regime, the satellite would operate as
a technical demonstrator mission with the goal of an operational proof-of-
concept by measuring neutrinos in space and allowing for a flagship mission
following successful demonstration. In keeping with this class of mission, I
will compare some components of the two designs that our project has used
to date with the characteristics of a similarly priced technical demonstrator,
Energetic Gamma Ray Experiment Telescope (EGRET), which flew on the
$617 million Compton Gamma Ray Observatory (CGRO) [9].

The science payload of this detector consists of an inner science detector
surrounded by an active vetoing system, which is in turn surrounded by a
passive shield. Throughout development, the science payload has undergone
the most change, and will likely be the component that continues to change
the most radically as design improvements or alternate designs are explored.
The active vetoing system has consistently remained a plastic scintillating
volume encapsulating the central science detector. The outer passive shield-
ing has undergone some simple design refinements throughout the process.
In both the initial design and first revision, the detector is a right-circular
cylinder to maximize the volume behind the heat shielding.

All versions of the detector’s designs made so far have used Gallium as
a neutrino target. This choice has been made for several reasons, which
are elaborated on in Section 4. What is relevant to the design here is that
gallium provides a double-pulse signal from the prompt electron and the
nuclear de-excitation γ-ray within hundreds of nanoseconds. The fast timing
allows for highly accurate rejection of single-pulsed background signals. This
interaction has the drawback in that it is only sensitive to electron-type
neutrinos, and not the mu- and tau-types.

2.1. Initial Design

An image of most of the detector design is shown in Figure 1. The first
layer of shielding in the first design is two separate pieces of metal for passive
radiation shielding. The entire detector is surrounded by a 1 cm thick layer
of iron, and a 10 cm thick cylindrical tungsten plate sits on the Sunward
side of the main volume to provide shielding from the solar wind charged
particles. Iron was chosen as the passive shield for all shielding needs near
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the science volume because of its ease of fabrication, commonplace use, and
resistance to becoming radioactive in high-radiation environments. Beneath
the iron shielding is a 1 cm thick polymer shell followed by several 0.2 cm
thick alternating layers of aluminum and plastic to promote showering of any
particles that penetrate the passive iron shield.

Parameter EGRET νSOL Design 1

Detector Type:
Spark chambers,
NaI(Tl) crystals,

and plastic scintillators

Doped liquid scintillator
and plastic scintillators

Energy Range:
20 MeV to about

30 GeV
0.235 to ∼ 20 MeV

Energy Resolution:

Approximately twenty
percent over the
central part of

the energy range.

∼ 40%

Total Detector Area: Approximately 6400 cm2 ∼ 100 cm2

Effective Area:

Approximately 1500 cm2

between 200 MeV and
1000 MeV, falling at

higher and lower energies

< 1.6 · 10−23 cm2

Timing Accuracy: 0.1 ms absolute ∼ 10 ns

Weight: about 1830 kg (4035 lbs) ∼ 365 kg (800 lbs)

Size: 2.25 m x 1.65 m diameter

0.83 m x 0.45 m
diameter main payload

and 0.1 m x 0.60 m
diameter solar wind shield.

Table 2: Comparison of first νSOL design with several EGRET parameters.

Inside the outer shield and showering layers is a 5 cm thick vetoing volume
made of a plastic scintillator. This volume looks for any energy depositions
in coincidence with signals inside the science volume, and sends a rejection
signal in the timing window following any deposition inside the veto. Inside
this volume is a space reserved for electronics and also the main detector
volume. The science volume consists of a right-circular cylinder of gallium-
doped liquid scintillator (LS). This LS volume has a radius of 15 cm, and
a length of 44 cm. The design used an oil-based LS, like from the NOνA
experiment [10].
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To test this science volume, we acquired a sample of the LS used by
NOνA, and we mixed in several gallium compounds, including Gallium II/III
Chloride and Gallium II/III Oxide, to test the solubility of the compounds
in oil-based LS. By way of optical spectroscopy, we determined that several
of the gallium compounds can cause the wavelength shifters in NOνA LS
to crash out of solution. Using flame atomic absorption (FLAA) and induc-
tively coupled plasma (ICP) spectroscopy, we found no gallium compounds
that can have a concentration greater than 50 mg/L in mineral-oil based
scintillator. This corresponds to a mass fraction of less than 1/10,000. A
dopant fraction this small and the difficulty of keeping necessary wavelength
shifters in solution were the primary driving factors to lead our research away
from liquid scintillators for a solar mission.

Figure 1: Image of first detector science payload design. From outside in, the iron shell
(orange), copper-polymer showering layers (green), showering layer (grey), and vetoing
volume (white) all surround the inner volume. This inner volume consists of a volume
of liquid scintillator (red) capped by two PMTs (yellow) which are both surrounded by a
reflector and space for control electronics (blue).

2.2. 1st Revision

The first revision of the detector design contains four major changes to the
basic design. First, due to the difficulty of loading liquid scintillator with gal-
lium, we have designed using Cerium-doped Gadolinium-Aluminum-Gallium
Garnet (Ce:GAGG), often referred to as simply GAGG. This is a recently
developed scintillating crystal which is approximately 22% gallium by mass.
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Besides having a high mass-fraction of gallium, GAGG also has a fast decay
time (50-150 ns) and a high light yield (40,000-60,000 photons/MeV) varying
with different cerium dopant levels. Second, we have changed from a single
large scintillator to a series of four segmented detectors, each with its own
pair of photodetectors. Third, current designs have removed the showering
layers of plastic and aluminum to save mass. Fourth, we have redesigned
to use silicon photomultipliers (SiPMs). At the temperatures expected for a
detector using a heat shield like that on the Parker Solar Probe, the SiPMs
would have noise orders of magnitude smaller than the signals from the high-
yield GAGG scintillation, on the order of 2000 photons for 50 keV signals.

Parameter EGRET νSOL Revision 1

Detector Type:
Spark chambers,
NaI(Tl) crystals,

and plastic scintillators

GAGG scintillator
and plastic scintillators

Energy Range:
20 MeV to about

30 GeV
0.235 to ∼ 20 MeV

Energy Resolution:

Approximately twenty
percent over the
central part of

the energy range.

∼ 40%

Total Detector Area: Approximately 6400 cm2 ∼ 100 cm2

Effective Area:

Approximately 1500 cm2

between 200 MeV and
1000 MeV, falling at

higher and lower energies

∼ 7.5 · 10−19 cm2

Timing Accuracy: 0.1 ms absolute ∼ 10 ns

Weight: about 1830 kg (4035 lbs) ∼ 545 kg (1200 lbs)

Size: 2.25 m x 1.65 m diameter
1.23 m x 0.16 m

diameter.

Table 3: Comparison of the current revision of the νSOL design with several EGRET
parameters.

Lastly, the front-facing tungsten shield has been replaced with iron shield-
ing directly abutting the science payload and thickened the iron shell of the
detector to 1.17 cm thick. The solar shield now consists of a thick front-facing
section of iron with the same diameter as the rest of the science payload to
create a total front-facing iron thickness of 9.36 cm. We changed the dimen-
sions of the outer iron shielding because the solar wind protons come in at a
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sufficiently shallow angle that they experience very long sections of the rel-
atively thin outer shield which are equivalent to having a thick front-facing
shield, Figure 2. In this geometry, 1.17cm thickness creates a CSDA track
longer than the requirement of 9.36 cm. A thickness of 9.36 cm was cho-
sen based on the continuously slowing down approximation (CSDA) range
of protons in iron, and this thickness is sufficient to stop protons up to 350
MeV [11]. The size of this front-facing shield was one of the major drivers
of detector mass, and the other was the overall diameter of the detector. By
changing to this smaller diameter front-facing shield with slightly thicker iron
on the outer shell, the overall mass of iron shield goes down. This change,
coupled with the much denser GAGG material for the central detector has
led to orders of magnitude gains in the detector mass relative to the total
payload mass.

Figure 2: Top: Geometry of solar protons coming from the sun showing the triangle made
by a proton from the pole of the sun through a point near the equatorial plane. At a
distance of 8R�, the distance a proton needs to cross is at least

√
65x longer than the

height of the triangle. Bottom: Section of the detector with the front-facing shield and
the triangle from above overlaid on the side of the iron shielding. Notice that a 1.16 cm
thick shielding is the equivalent of 9.36 cm for protons coming in at angles allowed by the
geometry of the sun.
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The current design with segmented detectors, thicker iron shielding, and
the front-facing shield abutting the detector can be seen in Figure 3.

Figure 3: Most recent detector science payload design. A series of four GAGG cylinders
(red) are capped with SiPMs (dark blue) on both ends. These rest inside a cavity for
wiring and control electronics (black). This cavity is surrounded by an active veto array
(blue) made of scintillating plastic. The outer layer is passive iron shielding (grey) which
is thicker on the sun-facing side of the detector.

2.3. Continuing Design Possibilities

As a concept, there are several paths we envision the detector continuing.
First, we look to the success of highly segmented detectors such as NOνA.
Nova uses voxels which are oriented in an x-y plane perpendicular to the
direction of their beamline. Each voxel runs the width of the detector in
one of the x/y directions, a few centimeters in the other direction, and a few
centimeters in the z-direction. By alternating the x-oriented and y-oriented
layers, NOνA can tag particles and energies using machine learning algo-
rithms [12]. A detector like ours could mimic this sort of design using small
GAGG crystals which have a reflective coating and SiPMs as endcaps. Crys-
tals on the order of 3mm x 3mm could closely approximate the cylindrical
shape important for proper sun shading and provide very fine voxelation.
This design has the advantage that there is software that could be modi-
fied to parse the data, but there are other challenges that arise, such as the
required data throughput.

For a small space-based detector, other detector schema might be able
to better use the space than directly mimicking NOνA. A detector could
consider small voxels in the shape of a hexagonal prism to fill the space,
Figure 4. A circular piece could be divided into circular wedges with a
central hexagonal region, Figure 5.

Either of these configurations carry different design considerations such
as minimizing space lost to wiring and maximizing the ability to resolve par-
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Figure 4: Possible detector design. Hexagonal prisms of GAGG (red) fill as much space
as possible while leaving room for wires inside a circular shadow cast by the heat shield.
As the hexagons become finer, less space is lost from the edges of the circular region, but
more space is lost to wiring and SiPMs.

Figure 5: Possible detector design. A hexagonal prism of GAGG and six circle wedges of
GAGG (red) fill a circular area. Space is left (black) for wires and support structure to
run between volumes.
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ticles and energy depositions within the volume. By optimizing for particle
identification without losing a significant portion of the detector’s fiducial
volume, a future design may be able to dramatically improve on the detec-
tion efficiency of the scientific mission.

3. Neutrino Physics in Space

3.1. Disadvantages

Most neutrino detectors have the luxury of being built under many tons
of rock, snow, dirt, or other surface material to provide passive shielding
from the energetic cosmic ray showers coming from the sky. A space-based
detector will have to contend with the full flux of energetic cosmic gamma
rays, electrons, protons, and heavier nuclei. The first level of shielding for
these events comes from the outermost iron shell, as described in Section 2.

The first significant source of background events in space is the gamma
ray/x-ray background. Our passive shield can stop the energy of gamma
rays up to 600 keV with better than 2 · 10−4 attenuation [13]. This should
be more than sufficient to shield against the gamma ray background. The
total gamma background can be seen in Figure 6 from 0.5 keV to 2.5 GeV.
The sufficiently energetic gammas, in the energy range of 500 keV and above,
create a background of approximately 130 m−2 sr−1 s−1 [14]. Our electronics
are being designed so that they are sufficient to deal with this noise on the
order of 500 Hz.

Figure 6: Cosmic gamma ray spectrum vs photon energy. Fermi gamma-ray data extends
to 100 GeV, but the contribution to the total rate is small [14].
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There are two major sources of electrons in terms of space conditions. The
solar wind electrons have a characteristic temperature of 12 eV at the Earth
[15]. This temperature will increase, using the worst case of Boldyrev, For-
est, and Egedal, to a maximum temperature of 130 eV [16]. These are both
well below energies at which any significant fraction of electrons might pen-
etrate the satellite’s shielding. The second source is the cosmic background
electrons. These background electrons, Figure 7, have been measured with
a total rate of approximately 50 m−2 sr−1 s−1 on the MeV-TeV regime. The
iron shield will moderate electrons and, in the continuously slowing down
approximation (CSDA), the shielding will be 100% effective at energies up
to 15 MeV [11]. At energies beyond this, there will begin to be penetration,
and we will rely on active veto rejection techniques.

Figure 7: Cosmic electron differential flux vs electron kinetic energy [17].

Similar to electrons, the solar wind and cosmic background are the pri-
mary sources of positively charged particles. The solar wind protons have
a characteristic temperature of 18 eV, and the maximum temperature mea-
surement of the DSCOVR solar wind warning probe in the Earth-Sun L1 La-
grange point has measured maximum proton temperatures of approximately
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Figure 8: Fluxes of nuclei of the primary cosmic radiation in particles per energy-per-
nucleus are plotted vs energy-per-nucleus. The inset shows the H/He ratio as a function
of rigidity [19].

86 eV. These energies are well below the MeV scales of the passive shielding
[18]. The total cosmic flux of protons and heavier nuclei is well measured,
and the total flux is on the order of 3000 m−2 sr−1 s−1 from 100 MeV and
up [19]. In the CSDA, the shield will be able to stop protons of energy up to
80 MeV, and it will be able to stop alpha particles up to 300 MeV.

3.2. Advantages

In the introduction, we touched briefly on one advantage of approaching
the Sun, and here expand on the scope of what it means to go close to
the Sun. The most obvious advantage is the previously mentioned inverse
square scaling. Due to the weakly interacting nature of the neutrino, we can
expect the flux of neutrinos to fall off as an inverse square of the distance
from which they were generated, rather than being subject to electromagnetic
modulation, like solar wind, or coming from the sun’s surface due to multiple
interactions causing a random walk during their exit from the sun, like with
photons.

The dramatically increased flux from the inverse square scaling allows
for a modestly sized detector, on the order of one hundred kilograms of

14



active volume. For a 3R� science mission, this would be the flux-equivalent
of a 1 kTon solid scintillating crystal detector, which is comparable to large
Earth-based experiments like the KamLAND, a 1 kTon mineral oil scintillator
detector, and Super-K, a 50 kTon water Cherenkov detector [20, 1]. As we
approach the Sun, the flux spectrum will change slightly due to the shape
of fusion in the core, but even on the scale of a 3R� closest approach the
variation in flux from the near peak of the fusion region to the far peak is on
the order of 1%.

Figure 9: Flux of protons from 250-700 MeV by distance from Sun [21]

.

It is worth noting that there does not seem to be much risk of increased
of backgrounds on approach to the Sun. The Helios mission measured the
proton flux down to 0.3 AU (4.5 · 107 km or 64.5R�), Figure 9, and found
that the flux was unexpectedly flat. This phenomenon has been explained
by the modulation of the high energy cosmic particles by the Sun’s magnetic
field and the acceleration of the low energy solar wind as it moves from the
Sun [22, 23].

Last, it is a straightforward feature of the geometry in orbit that the
resolution of a detector increases with an inverse square scaling. Because of
this, we get the same relative angular resolution scaling that the neutrino
flux sees in Table 1. If our detector is only capable of one tenth the angular
resolving power of detectors like Super Kamiokande, a relatively conservative
mission to 20 R� would have significantly improved resolving power.
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4. Gallium Double Pulsing

In section 3, we introduced the difficulty of measurement using traditional
neutrino detection methods due to high background rates. To counteract this
effect, we are designing a method of looking for electron-type neutrinos via
a double pulse signal. The interaction of gallium with neutrinos has been
of scientific interest since the early 1990’s with the GALLEX experiment
and the SAGE experiment [24, 25]. These experiments used radiochemical
methods to determine the number of neutrino interactions which had taken
place. These experiments were, and our experiment currently is, based on
the specific interaction of a neutrino transmuting gallium into ionized germa-
nium, and itself into an electron, (1). Due to the specifics of this interaction
discussed in section 4.1, an isotopically pure detector would be advantaged
in comparison with the naturally occurring gallium. The two isotopes nat-
urally occur as 60.1% Gallium 71 and 39.9% Gallium 69, and both isotopes
are commercially available.

νe + 69
31Ga→ e− + 69

32Ge+ (1)

It is an important to note that the proposed method is not unique to
any particular gallium-loading method, nor is it strictly necessary to use
gallium. Several other elements could be used for solar neutrino measure-
ments, such as indium. Our work has focused on gallium because it has the
smallest mass difference, Q = 235.7 keV, and largest cross section of other
double-pulse candidates. Our current designs focus on the GAGG scintil-
lating crystal, but as we have mentioned, any gallium-loaded material could
be used in this double-pulsing schema. In particular, Gallium III Oxide is
an interesting scintillator in development because of its high gallium mass
fraction in comparison with other crystals.

4.1. Gallium-Neutrino Interaction

We propose using a prompt scintillation method to determine when a
neutrino interaction has occurred. The neutrino interaction will often leave
the germanium atom without any excitation energy, but about half of the
interactions will leave the germanium nucleus in an excited state, see Table
4. This motivates a method to look for an initial electron energy deposit
followed by a gamma ray with characteristic timing. This double pulsing
allows us to reject a large fraction of events which bypass our shielding. This
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allows the potential for favorable signal-to-background ratios even in high-
background environments like those of space.

The two isotopes of gallium present two different possibilities for neutrino
detection. The first isotope that we will discuss is gallium 71. Gallium
71 is transmuted into germanium 71 during interactions with electron type
neutrinos. When the neutrino is sufficiently energetic, this will release an
electron alongside the final germanium nucleus. The mass difference between
gallium and germanium 71 is 235.7(18) keV, and when combined with the
mass of the electron, this gives a bare threshold of 746.7(18) keV for the
energy of a neutrino able to eject an electron at rest from the ground state
of germanium 71 [26, 19]. The gallium ground state has spin -3/2, whereas
the germanium ground, first, and second excited states have spins of -1/2,
-5/2, and +9/2 respectively. The -5/2 spin state has a half-life of 79 ns, and
the metastable spin +9/2 state has a half life of 20.2 ms. The most likely
excited state of the germanium is the -5/2 state, followed by several higher
energy levels. The +9/2 state should be very unlikely in comparison [27, 28].

As mentioned in section 2.3, there is a promising use a highly-segmented
detector of small GAGG crystals. The detector will use silicon to read out the
energy deposited in each of the GAGG cells, and this segmentation allows
for sophisticated particle identification algorithms like have been used in
the NOvA experiment [12]. A highly segmented design has not yet been
implemented in simulation, but the work done in particle identification by
the NOvA experiments should allow our detector to identify particle type
and direction for more effective vetoing.

Reaction Products Energy Threshold Photon Energy Half Life

Ge71E2
32 + e− 0.408 MeV 0.175 MeV 79 ns

Ge69M1
32 + e− 2.313 MeV 0.086 MeV 5 µs

Ge69M2
32 + e− 2.624 MeV 0.397 MeV 2.8 µs

Table 4: Table of most likely excited states from the reaction of neutrinos with gallium,
their decay products, and half-lives.

4.2. Simulations

To study the detector’s design, section 2, a fast Monte Carlo has been
implemented to simulate the production of false double pulses that can mimic
a neutrino signal. Geant4, a c++ particle physics library, has been used to
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model the detector to produce the inputs to the fast Monte Carlo. The model
implements optical photons emitted during scintillation to produce pulses
used to identify the true pulse shapes from the gallium signals and false
pulse shapes from background particles. The true pulses uses the primary
electron from the neutrino interaction, Lorentz boosted into an appropriate
frame, and then an isotropic gamma ray with a release delayed according
to the excited nucleus’ half life from the same location. The simulation
then counts any photons incident on the photosensitive volumes. Whenever
such a hit is counted, the time is recorded. If there is a sufficient time
gap, 25 ns in the current model, then the photons are separated into one or
more individual pulses. These pulses were analyzed to generate information
about the topology of the pulses, using the time that the peak optical photon
production occurs, and the pulse shape ratio. The pulse shape ratio is defined
as the ratio of the area of the pulse beyond 5 nanoseconds after the peak
time of the pulse. This information is then used to generate criteria for
determining if a particular pulse satisfies the electron or gamma ray topology.

Once the pulse characteristics were defined, the simulation was repeated
with a wide range of energies for cosmic ray protons, alpha particles, and
gamma rays. Other sources of background noise have not been studied at
present. Some, like higher atomic number galactic cosmic rays, are not ex-
pected to be difficult to reject. Other sources of noise, such as radioisotope
contamination or activation by incident radiation, have also not been studied.
These background sources have been a challenge for past neutrino detectors,
and may represent a significant technical hurdle for a space mission if suffi-
cient radioisotope purity and radiation shielding cannot be achieved.

To study the protons, alpha particles, and gamma rays, each pulse was
checked against the signal in the veto array. If there was a veto signal present,
the pulse was ignored, otherwise we keep the pulse for further analysis. With
each of these unvetoed pulses, in addition to tagging the time of the pulse, we
tagged the source particle of the pulse so that we could identify the sources
of false neutrino signals. A large number of cosmic rays, up to 2.5 million,
were used at energies consistent with the cosmic ray spectrum to generate
these pulses for analysis.

Once the pulses are characterized, the ROOT data analysis framework
begins the fast Monte Carlo by reading in the pulse information for galactic
cosmic rays. From that information one can determine the rate at which
these pulses are generated. It is found that the rate for protons is 230.57
pulses per second, the rate for alphas is 29.00 pulses per second, and the rate
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for gamma rays is 9.46 pulses per second. A Poisson distribution is applied
to each of these rates to generate a random number of events within each
second. It is possible that multiple pulses from the same event will qualify,
and if that event number from the large data run is selected, all associated
pulses from that particle are added into the analysis. The process continues
until one day’s worth (86,400 seconds) of simulated pulses are generated.
The master array then reorders all pulses from protons, alphas, and gammas
from the earliest time to the latest time.

After the re-ordering, the fast Monte Carlo starts to pair pulses together.
It considers potential double pulses that occur within 3, 5, and 10 half-
lives of the gallium interaction. The first pulse must qualify as a primary
electron, and the next pulse must qualify as either a secondary gamma ray
or the secondary decay of both gammas and electrons. The program pairs
the current pulse in the loop with all successive pulses until the edge of the
timing window is met, and the program then determines how many false
double pulses occur in each timing window, and whether the pulse came
from a proton, an alpha, or a gamma event.

Between the first and second designs of the detector, section2, we saw
a marked improvement in the rejection rate of background noise. Current
simulations suggest that both alpha particles and protons are easy to separate
from true events, and the single-coincidence rejection rate on these is nearly
100%. Gamma rays have been more difficult to reject, with their single-
coincidence rejection rate only approaching 75%. We expect that these rates
will continue to improve with improved detector design configurations and
continued pulse topology studies.

5. Summary

In summary,we propose a near-solar neutrino detector design using the
well-studied transmutation of gallium into germanium. This detector will be
able to take advantage of the inverse square scaling of the neutrino flux to
be the mass-equivalent of a detector on the scale of kilotons while at closest
solar approach. By flying in the space between the Earth and the Sun, such
a detector will be capable of probing distance scales larger than the diameter
of the Earth, the upper limit for beamline experiments, and the detector will
be capable of probing distance scales smaller than 1 AU (1.5 · 107 km), the
smallest baseline for extraterrestrial neutrino sources.
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Such a detector must contend with high-rate cosmic ray backgrounds.
We propose to solve this problem by looking for a double-pulsed gallium
signal. This double pulsing allows for dramatically improved rejection rates
compared to single coincidence rejection. Future work will continue to refine
detector pulse topology rejections. Our rejection rate in-simuo is already at
75% for gamma rays with little pulse topology or timing cutting, and nearly
100% for other background particles in similar regimes.
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Ott, T., Paumard, T., Perraut, K., Perrin, G., Pfuhl, O., Rabien,
S., Rodriguez Coira, G., Rousset, G., Scheithauer, S., Sternberg, A.,
Straub, O., Straubmeier, C., Sturm, E., Tacconi, L. J., Vincent, F., von
Fellenberg, S., Waisberg, I., Widmann, F., Wieprecht, E., Wiezorrek,
E., Woillez, J., Yazici, S., A geometric distance measurement to the
galactic center black hole with 0.3% uncertainty, A&A 625 (2019) L10.
doi:10.1051/0004-6361/201935656.
URL https://doi.org/10.1051/0004-6361/201935656

[6] J. Miralda-Escude, A. Gould, A cluster of black holes at the galactic
center, The Astrophysical Journal 545 (2) (2000) 847–853. doi:10.

1086/317837.
URL https://doi.org/10.1086/317837

[7] C. J. Hailey, K. Mori, F. E. Bauer, M. E. Berkowitz, J. Hong, B. J. Hord,
A density cusp of quiescent x-ray binaries in the central parsec of the
galaxy, Nature 556 (7699) (2018) 70–73. doi:10.1038/nature25029.
URL https://doi.org/10.1038/nature25029

[8] J. N. Bahcall, M. H. Pinsonneault, S. Basu, Solar models: Current epoch
and time dependences, neutrinos, and helioseismological properties, The
Astrophysical Journal 555 (2) (2001) 990–1012. doi:10.1086/321493.
URL https://doi.org/10.1086%2F321493

[9] NASA, Appendix G to the NASA RESEARCH ANNOUNCEMENT
for the COMPTON GAMMA RAY OBSERVATORY GUEST INVES-
TIGATOR PROGRAM, accessed: 2022-07-20 (1999).

21

https://link.aps.org/doi/10.1103/PhysRevD.61.083001
https://link.aps.org/doi/10.1103/PhysRevD.61.083001
https://doi.org/10.1103/PhysRevD.61.083001
https://doi.org/10.1103/PhysRevD.61.083001
https://link.aps.org/doi/10.1103/PhysRevD.61.083001
https://doi.org/10.1051/0004-6361/201935656
https://doi.org/10.1051/0004-6361/201935656
https://doi.org/10.1051/0004-6361/201935656
https://doi.org/10.1051/0004-6361/201935656
https://doi.org/10.1086/317837
https://doi.org/10.1086/317837
https://doi.org/10.1086/317837
https://doi.org/10.1086/317837
https://doi.org/10.1086/317837
https://doi.org/10.1038/nature25029
https://doi.org/10.1038/nature25029
https://doi.org/10.1038/nature25029
https://doi.org/10.1038/nature25029
https://doi.org/10.1086%2F321493
https://doi.org/10.1086%2F321493
https://doi.org/10.1086/321493
https://doi.org/10.1086%2F321493
https://heasarc.gsfc.nasa.gov/docs/cgro/nra/appendix_g.html
https://heasarc.gsfc.nasa.gov/docs/cgro/nra/appendix_g.html
https://heasarc.gsfc.nasa.gov/docs/cgro/nra/appendix_g.html


URL https://heasarc.gsfc.nasa.gov/docs/cgro/nra/appendix_

g.html

[10] S. Mufson, B. Baugh, C. Bower, T. Coan, J. Cooper, L. Corwin,
J. Karty, P. Mason, M. Messier, A. Pla-Dalmau, M. Proudfoot,
Liquid scintillator production for the nova experiment, Nuclear In-
struments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 799 (2015) 1–9.
doi:https://doi.org/10.1016/j.nima.2015.07.026.
URL https://www.sciencedirect.com/science/article/pii/

S0168900215008554

[11] M. Berger, J. Coursey, M. Zucker, J. Chang, Stopping-power & range
tables for electrons, protons, and helium ions, Tech. Rep. NIST Standard
Reference Database 124, Includes updates as of July, 2017, National
Institute of Standards and Technology, Gaithersburg, MD (1993). doi:
10.18434/T4NC7P.

[12] C. Backhouse, R. Patterson, Library event matching event classifica-
tion algorithm for electron neutrino interactions in the nova detectors,
Nuclear Instruments and Methods in Physics Research Section A: Accel-
erators, Spectrometers, Detectors and Associated Equipment 778 (2015)
31–39. doi:10.1016/j.nima.2015.01.017.
URL http://dx.doi.org/10.1016/j.nima.2015.01.017

[13] J. H. Hubbell, S. M. Seltzer, X-ray mass attenuation coefficients, Tech.
Rep. NIST Standard Reference Database 126, Includes updates as of
July, 2004, National Institute of Standards and Technology, Gaithers-
burg, MD (1989). doi:10.18434/T4D01F.

[14] Y. Inoue, K. Murase, G. Madejski, Y. Uchiyama, Probing the cosmic x-
ray and mev gamma-ray background radiation through the anisotropy,
The Astrophysical Journal 776 (08 2013). doi:10.1088/0004-637X/

776/1/33.

[15] J. A. Newbury, Electron temperature in the solar wind at 1 au, Eos,
Transactions American Geophysical Union 77 (47) (1996) 471–471. doi:
10.1029/96eo00315.

22

https://heasarc.gsfc.nasa.gov/docs/cgro/nra/appendix_g.html
https://heasarc.gsfc.nasa.gov/docs/cgro/nra/appendix_g.html
https://www.sciencedirect.com/science/article/pii/S0168900215008554
https://doi.org/https://doi.org/10.1016/j.nima.2015.07.026
https://www.sciencedirect.com/science/article/pii/S0168900215008554
https://www.sciencedirect.com/science/article/pii/S0168900215008554
https://doi.org/10.18434/T4NC7P
https://doi.org/10.18434/T4NC7P
http://dx.doi.org/10.1016/j.nima.2015.01.017
http://dx.doi.org/10.1016/j.nima.2015.01.017
https://doi.org/10.1016/j.nima.2015.01.017
http://dx.doi.org/10.1016/j.nima.2015.01.017
https://doi.org/10.18434/T4D01F
https://doi.org/10.1088/0004-637X/776/1/33
https://doi.org/10.1088/0004-637X/776/1/33
https://doi.org/10.1029/96eo00315
https://doi.org/10.1029/96eo00315


[16] S. Boldyrev, C. Forest, J. Egedal, Electron temperature of the so-
lar wind, Proceedings of the National Academy of Sciences 117 (17)
(2020) 9232–9240. arXiv:https://www.pnas.org/content/117/17/

9232.full.pdf, doi:10.1073/pnas.1917905117.
URL https://www.pnas.org/content/117/17/9232
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