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Abstract: The conceptual layout for Ashra Neutrino Telescope Array (Ashra NTA) has three site stations
forming a 25 km triangle watching the total air mass surrounded by Mauna Loa, Mauna Kea, and Hualalai,
and a single site station at the center with full-sky coverage. Tremendous sensitivity (equivalent to > 100 km3

water) can be achieved with Cherenkov-fluorescence stereoscopic observation for PeV-EeV neutrinos in largely
background-free conditions. With demonstrated fine imaging by Ashra-1 of Earth-skimming tau showers, a new
collaboration, aimed at clear discovery and identification of astronomical tau neutrino sources, is forming.
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1 Introduction
The Earth-skimming tau neutrino technique detects exten-
sive air showers produced by tau lepton decays in the at-
mosphere. The tau leptons are produced by very high en-
ergy (VHE) tau neutrinos that interact as they pass through
the Earth, emerging from mountain surfaces or the ground
facing the detector, hence comprising a very large effec-
tive target mass. This method has detection sensitivity in
the PeV-EeV region and can be used to search for neutri-
nos originating from hadron acceleration in astronomical
objects. Additional advantages include perfect shielding of
cosmic ray secondaries, precise arrival direction determi-
nation, and negligible atmospheric neutrino background.

The NuTel project [1] aimed at observing Cherenkov ra-
diation from such tau-neutrino originated air showers. Al-
though the system was built and tested at 2100 m above
sea level in Taiwan, it did not reach physics running. The
All-sky Survey High Resolution Air-shower detector [2]
Phase I (Ashra-1) is optimized to detect VHE particles,
aiming for “multi-messenger astronomy” [3, 4]. It has two
distinguishing features: (1) an ultra wide optical system in
which a 42◦ field-of-view (FOV) is demagnified to 1 inch
by using photon and electron optics [5]; (2) a high resolu-
tion imaging system with trigger. The combination of these
unique features results in very cost-effective pixels com-
pared to conventional photomultiplier arrays at the focal
surface of an optical telescope. Ashra-1 can observe the en-
tire sky with arcminute resolution with its 12 detector units,
each consisting of several aligned light collectors (LC).

Ashra-1 splits the focal image into trigger/image cap-
ture devices after amplification, allowing one to simultane-
ously measure 3 phenomena on different time scales, i.e.,

Cherenkov emission (ns), fluorescence (µs), and starlight
(s) without sacrificing the signal to noise ratio. The prin-
cipal demonstration phase has been running at the Mauna
Loa site at 3300 m above sea level on Hawaii island since
2008. Ashra-1 succeeded in the first search for PeV-EeV
ντ s originating from a GRB during its commissioning
run [6], demonstrating great sensitivity in the 100 PeV re-
gion with the earth-skimming ντ technique.

The key technical feature of Ashra-1 is the use of elec-
trostatic rather than optical lenses to generate convergent
beams, enabling high resolution over a wide FOV. The elec-
tron optics requires wide angle precision optics [7], photo-
electric lens imaging [5], and image pipeline [8]. Based on
performance of Ashra-1, we are forming a new collabora-
tion, Ashra Neutrino Telescope Array (Ashra NTA), with
the main scientific goal of clear discovery and identifica-
tion of nonthermal hadronic processes in the Universe, be
it Galactic, extragalatic, or cosmogenic.

2 Earth Skimming Tau Neutrino
2.1 Neutrino detection method
The usual approach to detecting VHE neutrinos requires
a large target volume that is identical to the detection vol-
ume, typically using water or ice and relies on Cherenkov
light from secondary muons. An alternate method uses air
showers to detect VHE neutrinos in a comparatively vast
atmospheric detection volume, with the added benefit of
very high optical transmittance. However, each method has
disadvantages, the former being limited by target volume,
and the latter by effective target mass due to low atmo-
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Figure 1: Ashra NTA
Observatory layout.

Figure 2: Ashra NTA detec-
tor unit of four same LCs.

spheric density. In contrast, the earth-skimming ντ method
can [9, 10, 11] realize a huge effective target mass and de-
tection volume simultaneously. First, ντ s penetrating the
earth/mountain can reappear in the atmosphere as τ lep-
tons which decay and produce air showers, and the result-
ing Cherenkov photons are detected. Owing to separation
of ντ → τ conversion from subsequent air shower genera-
tion, detection is possible while preserving the huge target
mass required for the initial interaction. This defines the
“Cherenkov τ shower ES method”.

2.2 Deflection from parent tau neutrinos
We estimate our ability to trace showers back to their ori-
gins. We first use PYTHIA to model neutrino charged cur-
rent interactions. The τ with respect to the parent ντ an-
gle, ∆θτ , is less than 0.3 arcmin for Eτ > 1 PeV. The Ashra
NTA detector design is optimized for this.

Second, we use GEANT4 to evaluate the deflection of τ
as it propagates within the Earth, adopting the parametriza-
tion of [12] to estimate the energy loss of high energy
leptons. Because radiative energy loss is dominant for
high energy τs, all related high energy processes (such as
bremsstrahlung, e+e− pair production, and photonuclear
interactions) were included.

Next, we estimated the deflection of the τ decay using
TAUOLA, taking into account τ polarization. The deflec-
tion angle must be less than 1 arcmin if the energy of the
secondary particle is higher than 13 TeV, and TAUOLA
showed that for PeV-energy τ particles, the probability of
a deflection greater than 1 arcmin is very small. We have
made this assumption throughout our air-shower analysis.

Finally, the direction of the hadron air-shower was eval-
uated using CORSIKA. At the shower max, we compared
the direction of the parent particle (charged pion) to that of
e±, which are the dominant producers of Cherenkov pho-
tons. We found that the angle between the average direc-
tion of electrons and positrons and the parent particle of
the air shower was within 0.1 ◦ at 1 PeV. We conclude
that the arrival direction of PeV-sale ντ s was within 0.1◦ of
the original direction of the generated hadron air-shower.
The accurate reconstruction of arrival direction by means
of fine imaging will be a very powerful technique in the de-
termination of point sources of PeV ντ s.

3 Ashra NTA Detector and Performance
The Ashra NTA observatory consists of four sites: Site0,
Site1, Site2, and Site3 as shown in Fig. 1. The conceptual

Figure 3: (left) The x-y coordinates of the locations of the
four Ashra NTA sites, with origin defined as Site0. (right)
The topography map image of Hawaii Island superimposed
by the four locations of the Ashra NTA sites.

Site ID Location X [km] Y [km] Z [km] FOV [sr]
Site0 Center 0.000 0.00 2.03 2π
Site1 Mauna Loa 9.91 -10.47 3.29 π
Site2 Mauna Kea 4.12 13.82 1.70 π
Site3 Hualalai -14.02 -3.35 1.54 π

Table 1: The x-y-z coordinates and detectable FOV cov-
erage of the four Ashra NTA sites used in the simulation
program. Site0 is defined as the origin.

layout for Site1–3 form a 25 km triangle, observing the
total air mass surrounded by the mountains Mauna Loa,
Mauna Kea, and Hualalai. Site0, at the center of the tri-
angle, has full-sky coverage. Each site has a centralized
group of detector units each of which has several LC sys-
tems instrumented with segmented mirrors. The perfor-
mance was studied using the Ashra-1 station on Mauna
Loa at 3300 m above sea level. Detailed design studies for
the Ashra NTA detector are currently underway.

3.1 Observational Site
To investigate the performance of the Ashra NTA detector,
we assume the following arrangement:

1. Figure 3 (left) shows the site locations, with Site0
denoted by “0” as origin. The z-axis points to
the zenith, and the y-axis points north. The z-
coordinates are determined at the appropriate (x,y)
site locations from Hawaii island topography data.

2. Site1–3 are the vertices of an equilateral triangle of
side length 25 km.

3. Site0 is set 14.4 km equidistant from the other three
sites and at their geometric center.

4. Site1 and Site2 are located, respectively, at the
Ashra-1 Mauna Loa Observation site (ML-OS) and
at a point 25 km distant from ML-OS in the direc-
tion of the Kilohana Girl Scout Camp.

5. The remaining two site locations are then fixed.

Figure 3 (right) shows the layout of the four sites with
the Hawaiian Island topography superimposed. Table 1
shows the x-y-z coordinates of each site and the corre-
sponding FOV coverages as described above. For the sim-
ulation, we assume that each LC has a total FOV of 32◦×
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Figure 4: Simulated event with Eντ = 10 17eV: (left) fluo-
rescence track image by Site0; (right) Cherenkov track im-
age by Site1. Trigger pixel and fine image FOVs are 0.5◦×
0.5◦ and 0.125◦×0.125◦, respectively.

32◦, a trigger pixel FOV of 0.5◦×0.5◦, and an image sen-
sor pixel FOV of 0.125◦× 0.125◦. The Site0 system con-
sist of 12 LCs in the lower, 8 LCs in the middle, and 4 LCs
in the higher elevation angle regions which together cover
the full-sky solid angle of 2π sr. The remaining sites have
only 12 LCs in the lower elevation angle region covering
π sr. The bottom edge of the lower elevation angle region
is defined to be −9◦ (below the horizon).

3.2 Propagation
We take density profile of the Earth, as well as the CTEQ4
parametrization for ντ s and τ charged (CC) and neutral cur-
rent (NC) interactions, from [13], while for ντ → τ → ντ
regeneration we follow [12]. For the τ current position at
every step, we assume an energy loss rate of 10% per step,
unless it exits the Earth or decays. We use a constant aver-
age ντ energy fraction of 40% (lab frame) from τ decays.
The error from this approximation is found negligible.

3.3 Simulation
Our simulation program consists of three basic steps.

1. We use the ντ distribution from CTEQ4 [14], inelas-
ticity parameter from [13], and parameterize energy
loss in Earth by [12, 15].

2. We use τ decay from TAUOLA and air-shower gen-
eration of Gaisser-Hillas + NKG [16].

3. For detector simulation, we incorporate light collec-

Figure 5: Estimated effective detection areas simulated for
ντ from point source with azimuthal arrival direction (left)
ϕ2 of the Mauna Loa summit, and (right) ϕ3 of the Hualalai
summit with respect to the central site of Site0, and dip
angles 2.0◦ (black open circle), −2.0◦ (green star), −5.0◦

(blue filled box), −10.0◦ (red filled circle), −20.0◦ (yellow
filled triangle), and −30.0◦ (black filled triangle).

Figure 6: Comparison of differential sensitivities as func-
tion of Eντ for point source requiring 2.3 events in bin
size of one energy decade ∆ lnEν , which is the Feldman-
Cousins 90% CL limit event number for null expected
events using a light collector (LC) of Ashra-1 [6], design,
the Ashra NTA layout of LCs, in the cases of (left) θelev =
−10◦, (right) θelev = +2◦,−2◦,−5◦,−10◦,−20◦,−30◦

(open circle, green, blue, red, and yellow respectively).
The sensitivities of IceCube [19] and Auger [20] are
shown, as well as theoretical estimates used by IceCube
(solid lines) [19] and calculated by Hummer et al. (dashed
lines) [21] assuming distance of z ∼ 0.1 and z ∼ 1.0.

tion and throughput with simplified triggering logic.
Event reconstruction is not yet implemented.

All candidate events must satisfy strigger conditions:

• Number of detected photoelectrons per LC > 61.

• S/N estimated in track-associated 4 pixels × 64 pix-
els box (air-shower track included) > 4 [17].

A simulated event with primary ντ energy Eν = 1017eV
consistent with the above conditions is shown in Fig. 4; the
error for ντ arrival direction reconstruction is 0.08◦.

3.4 Sensitivity
To estimate effective detection area for ντ fluence from
a point source, we incorporate the appropriate Earth
model [13] and topography, interaction and propagation
of ντ and τ in the Earth [13, 18], decay of τ and shower
generation as described above. The critical dip angle (neg-
ative of the critical elevation angle) is defined such that
the chord thickness at the dip angle corresponds to the CC
interaction length for a ντ with energy Eν .

The effective detection area as a function of ντ energy
from point source is shown in Fig. 5. Fig. 6 gives the differ-
ential sensitivity as function of Eντ calculated by Feldman-
Cousins. Fig. 7 shows sensitivity for diffuse ντ flux (ma-
roon squares) for 3 year (∼ 9.5×106 s) observation, assum-
ing duty cycle of 10% and trigger conditions as above.

3.5 Exposure, Angular Resolution and
Background

From Fig. 5 we see that Ashra NTA can survey ντ point
source objects with the best-yet sensitivity in the detec-
tion solid angle for ντ defined as −30◦ < θelev < 0◦ and
0◦ < ϕazi < 360◦ and for 10 PeV < Eντ < 1 EeV. Assum-
ing that solar elevation angle <−18◦, lunar bright surface
ratio < 0.2, and ideal weather efficiency 100%, the total
duty is estimated at 20.5%, corresponding to a maximum
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Figure 7: Diffuse sensitivity with 3 year observation.

observable time of 1800 hours per year. Fig. 8 gives the
observation exposure map on Hawaii Island (Site1 posi-
tion: 19◦32′28′′ N, 155◦34′03′′ W , 3294 m above sea level),
with a Mollweide Projection in (left) Galactic and (right)
Equatorial coordinates on the celestial sphere. The maxi-
mum observable time is normalized to 1000 hours per year
as shown in the red area in the figure where Ashra NTA
can detect with maximum efficiency. The corresponding
total duty of 11.4% thus corresponds to about half of the
duty cyle under idealized conditions. The location of Ashra
NTA on Hawaii Island allows us to survey the galactic cen-
ter for more than several hundred hours each year. By mov-
ing the location of Site0 to the midpoint between Site2 and
Site3, we find no significant change over all energies in the
PeV-EeV region.

For lack of space, further discussion on angular resolu-
tion and background simulation can be found in the LOI,
which would appear soon.

4 Time Frame and Organization
At the present time, we are investigating various options
for the site, collaboration organization, as well as design
of the Ashra NTA instruments. Other groups are invited to
join. The time frame for the proposed project will be deter-
mined both by budgetary and scientific considerations.A
workshop is planned in the winter of 2013 at the Kashiwa
campus of the University of Tokyo to discuss the design of
the project and plans with interested colleagues.

Major decisions concerning the hardware implementa-
tion is expected in early 2014, and we plan to publish the
Project Proposal in 2014. We aim for installation at the first
detector site and commencement of commissioning opera-
tions in early 2016, if we receive Japanese funding in time.
We plan to start experimental operations using at least part
of Site0 and Site1 by 2018. We will request matching funds
to the governments of collaborating countries, in particular
for the construction of Site2 and Site3.

For cost estimate, based on the well-understood costs
of the Ashra-1 instruments, one detector unit (DU) would
require four light collectors, one trigger and readout unit,
which has a rough cost estimate of 100M yen. We plan to
build at least 24, 6, 6, and 6 DUs at Site0, Site1, Site2, and
Site3, respectively for FOV coverage as indicated in Ta-
ble 1, and assuming the DU FOV to be 32◦× 32◦, which
would need 42 DUs for covering the total FOV. Without in-
cluding infrastructure, running and maintenance costs, the

Figure 8: Exposure map for observation with Ashra NTA
on Hawaii Island.

current crude cost estimate is 5000M yen for the construc-
tion of Ashra-NTA.

Having served as a useful demonstration of a multitude
of challenging new detection techniques, members of the
Ashra-1 collaboration have agreed to continue observation
at the Mauna Loa site and to participate in commissioning
of the Ashra NTA system during initial construction.
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