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Cosmic Ray Science Potential for an Extended
Surface array at the IceCube Observatory

The IceCube-Gen2 Collaboration1,
1

http://icecube.wisc.edu/collaboration/authors/icrc15_gen2

E-mail: seckel@bartol.udel.edu
IceTop is the 1 km2 surface array of the IceCube Neutrino Observatory. Measurements of ground
level particles by IceTop have been used for high resolution measurements of the cosmic ray
spectrum for energies of 2-500 PeV. Composition has been studied by considering coincident
measurements of TeV muon bundles in the 2 km deep IceCube neutrino detector. Including
IceTop data for GeV muons may reduce uncertainties inherent to hadronic interaction models;
however, all three parts of this program are somewhat limited by the size of IceTop. We explore
the potential for IceCube-Gen2 with surface components (IceTop-2, "veto") to improve the cosmic
ray science program. The increased area would permit a factor of ∼ 3 increase in energy range
for the spectral measurement, a factor of 50 increase in coincident data, and enable lateral and
production depth muon measurements for every event.
Corresponding authors: David Seckel1∗,
1 Department of Physics and Astonomy, University of Delaware, Newark DE 19716, USA

The 34th International Cosmic Ray Conference,
30 July- 6 August, 2015
The Hague, The Netherlands
∗ Speaker.
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IceCube [1], IceTop [2], and cosmic rays. Although best known for its contributions to neutrino
physics, IceCube is also a significant cosmic ray observatory. IceCube has produced a high resolution cosmic ray energy spectrum [3, 4] based on data purely from IceTop, the surface array directly
above the main in-ice neutrino detector (Fig. 1). By including in-ice data characterizing the muon
bundles associated with coincident air shower events, IceCube is providing a unique composition
measurement [3, 5] between the knee and the ankle of the cosmic ray spectrum. We are studying the ability to separate the surface response into electromagnetic (em ) and muonic components
[6, 7], which we will use to produce an independent proxy for the mass of the cosmic ray primary
responsible for an air shower. These analyses feed into a community effort to understand cosmic
rays in the range 1016 − 1018 eV, where there is expected to be a transition from galactic to extragalactic origins [8]. All three efforts are somewhat limited by the 1 km2 extent of the IceTop array,
and so the upper end of the transition is not well covered, especially with regards to composition.
At the same time, IceCube has completed one of its main science goals by demonstrating the
existence of an astrophysical neutrino flux [9, 10]. This result is one of the driving considerations
for IceCube-Gen2 [11, 12], a second generation detector at South Pole. Gen2 is planned on the
same principles as IceCube but with roughly an order of magnitude better sensitivity for achieving
key science goals related to the high energy astrophysical neutrino flux. This increase derives
primarily from larger area and an enhanced surface veto [13, 14] to increase the significance of
astrophysical neutrino events relative to a background of air shower induced muons and neutrinos.

Figure 1: Left: IceCube neutrino observatory. Right: IceCube-Gen2 with extended version of surface veto.

The increase in area and a dedicated veto array provide an opportunity to improve existing
analyses at the higher energies. A nominal plan is to deploy at each string a surface station capable
of good timing and charge measurements with high dynamic range to provide a quality reconstruction of the size and geometry of the air shower event. As part of Gen2 this would permit extending
both the surface only analysis and the coincident in-ice/surface analysis to above 1 EeV in energy.
The improvement in the coincident analysis is most significant, roughly a factor of 50 by simple
geometry considerations. In addition, a veto array could permit an unprecedented measurement of
the peripheral muons in an air shower, complementing the combined in-ice/surface measurement
of cosmic ray composition.
IceCube cosmic ray science program. IceCube’s cosmic ray program includes two distinct determinations of the all-particle cosmic ray energy spectrum, both based on 3 years of data. The first,
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utilizing just IceTop data, is shown in Fig. 2 along with data from other experiments [15] spanning
the energy range from the knee to above the ankle. It is notable that the IceTop result is a relatively
high resolution spectrum compared to other experiments at energies below ∼ 300 PeV, reflecting
superior statistics. The gray band showing systematic uncertainty mostly affects the overall normalization (see [3, 4]). The IceTop result shows clearly that the region from the knee to the ankle
cannot be described by a simple power law. At higher energies, there is some tension between
Auger and TA, but present IceTop statistics are not sufficient to provide any insight. In fact, there
are 18 events with energies above 109.1 GeV which are not shown due to an increase in systematic
uncertainty as large showers saturate a significant fraction of the array, even on kilometer scales.
The IceTop only analysis assumes a specific energy dependent composition in deriving the
spectrum, and that assumption is included in the systematic uncertainties. The second (coincident)
analysis relaxes this assumption and uses in-ice data to infer composition. Muon bundles produced
in the air shower event penetrate to the in-ice array. Since heavier nuclei produce more muons, the
in-ice signal is a proxy for the mass of the cosmic ray primary. The analysis utilizes a neural net
to produce a weight for each event to arise from one of four nuclear mass groups. By combining
the weights from all particles, a composition is determined as a function of primary energy. The
result is shown in Fig. 3. In each panel the all-particle spectrum is shown in black above the
partial spectrum for a particular mass group. The all-particle energy spectrum is in good agreement
with that derived from IceTop alone. The light species dominate at the knee, and composition
gets heavier with increasing energy, but detailed interpretation is pending a fuller discussion of
systematics, including calibration of the response to in-ice muon bundles and variations due to
different hadronic interaction models [3]. The coincident analysis has a restricted energy range
compared to the IceTop only analysis, with statistics limited by the coincident geometry which
reduces the sky coverage from Ωtop = 1.26 sr to Ωco ∼ 0.15 sr.
In principle, IceTop can also be used to measure the muon content of air showers [6, 7];
however, it is difficult to observe individual muons in the inner part of the air shower where the em
part of the shower is intense. At energies above a few PeV, the inner 300 m is not available to muon
counting. At higher energies, one must go further out, but a shower which passes the containment
cuts is never more than 900 m from the furthest IceTop station. There may be few observable
muons with which to build a lateral distribution function (LDF) and characterize the event.
The IceCube cosmic ray program includes several more specialized analyses which would
benefit from IceCube-Gen2. a) Searching for γ -rays is an extreme form of composition study. Air
showers with abnormally low muon content are γ -ray candidates. These may be found within the
coincident geometry [16], or as events where the surface muon content is low. Selection criteria
may be optimized to look for a diffuse flux, or a source defined by a cluster in sky position and/or
time. b) Neutrons are another neutral component of the cosmic ray spectrum, relying on an excess of clustered events for detection [17]. c) Both IceTop and IceCube(in-ice) are used to study
anisotropy in different ranges of energy and declination [18, 19, 20].
Improvements with IceCube-Gen2. For the present discussion, it is convenient to adopt a baseline configuration for IceCube-Gen2 that includes an in-ice array and two surface components,
which we will refer to as "the veto" and IceTop-2 (IT2). The in-ice array is nominally taken to be
7 km2 in area - middle of the range considered in [12]. The veto is designed to enhance Gen2 per-
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Figure 2: Cosmic ray all-particle energy spectrum using 3 years of IceTop data. Error bars show statistics,
gray band shows systematic uncertainty.

Figure 3: Coincident 3 year spectrum by mass, with all-particles in black. (statistical uncertainties only)

formance with respect to high energy neutrino science. Here, the baseline veto design is taken to
be a dense array of particle detectors deployed over the in-ice footprint, although other approaches
may be viable [13]. Reasons for this choice are summarized below. Cost efficiency and design
goals for the veto may affect its value for measuring properties of extensive air showers. Accordingly, IceTop-2 would sample the ground level footprint of an air shower with timing and charge
resolution sufficient to enable good reconstruction of the size and geometry of the air shower. The
baseline for IT2 is to place a station at the head of each string, but we do not specify the instrumentation other than to assume that it can produce reconstructions comparable to those produced
by the current IceTop, just at higher energies commensurate with larger spacing between stations.
Improvements due to IceTop-2.

The improvements are primarily a consequence of increased
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size. For current IceTop, the surface only analysis includes a fiducial area of A = 0.62 km2 , somewhat smaller than the actual instrumented area of 0.83 km2 , driven largely by the need to reconstruct
the core location of the air shower. For the Gen2 estimates we will use a fiducial area of 6 km2 ,
noting that we expect the edge effects to be reduced and that including data from the veto will improve efficiency. For the surface only analysis, we anticipate an order of magnitude better statistics.
Referring to Fig. 2, we expect the scatter of points around 300 PeV to either be smoothed, or to
resolve into clear features. Above an EeV, 100 events/yr (10× IceTop) will accumulate to provide
a meaningful overlap with Auger and TA.
The improvements for the coincident analysis are more dramatic. For estimation, we assume
the same containment cut for both surface and in-ice arrays. For IceCube, the coincident solid angle
is Ωco ' A/d 2 = 0.15 sr, where d = 2 km is the depth to the center of the in-ice array. This yields an
aperture of hAΩi = 0.09 km2 sr, which can be compared to hAΩi = 0.70 km2 sr for the surface only
analysis, and a ratio of events surviving all cuts of about Ntop : Nco :: 8 : 1. For Gen2, the aperture
for two disks with A = 6 km2 , separated by 2 km, is hAΩi = 4.9 km2 sr, conservatively ∼ 50 times
that for current IceCube. It seems likely that galactic and extragalactic sources will have different
compositions, either due to intrinsic injection or differential propagation, so increased coincident
data informing on the changing composition will be of very high value. Other analyses which rely
on coincident data (e.g. γ -ray search) will also benefit from increased sky coverage, including the
eastern portion of the galactic plane.
In addition to the overall aperture and statistics, the increase in area from IceTop to IT2 should
also improve the efficiency of analysis. At the upper end of IceTop’s energy range the electromagnetic footprint saturates large fractions of the detector, increasing the systematic uncertainty
and decreasing the effective area. The em blanket also obscures muons, making a two component
analysis difficult at the highest energies. These effects will be mitigated by the larger area of IT2.
Planning a surface veto for Gen2. The fundamental challenge for IceCube and IceCube-Gen2 is
to detect astrophysical neutrinos against a background of muons and neutrinos produced as a result
of cosmic ray interactions in the atmosphere. Upward atmospheric muons are shielded by the Earth,
but upward atmospheric neutrinos are an irreducible background for astrophysical neutrinos from
the northern sky. The downward case is challenging since the flux of downward atmospheric muons
must be eliminated, even at energies of order 100 TeV [13]. However, if all cosmic ray events can
be tagged, there is potential to be free not just of muons, but also atmospheric neutrinos. Further,
the ice above the in-ice array may be used as a target volume, increasing the rate of track-like
events, which have extra value in searches for point sources of astrophysical neutrinos [13].
We consider two veto strategies built around detecting ground level particles. The first focuses
on sky coverage, seeking to cover a large fraction of the galaxy including the galactic center. This
implies extending the veto to some 6 km, with overall area of 100 km2 . Assuming a minimal
tagging threshold of a few PeV, such a veto would detect cosmic rays with energies above 10 PeV.
If detections were of sufficient quality all the arguments of the previous paragraphs would apply.
A spectrum built only from surface observations would gain by another order of magnitude. Since
the in-ice array would remain fixed, the coincident analysis would have a modest gain due to an
increase in solid angle as the field of view was extended from zenith angle of 35 deg to 60 deg.
The alternative is to deploy a very dense array over the footprint of Gen2, capable of tagging
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cosmic rays with a passing rate of 10−4 − 10−6 [21]. Preliminary estimates are that this could be
achieved by an array with a filling factor of 10−3 , e.g. roughly 7,000 m2 of scintillator paddles
deployed over the baseline 7 km2 . (For comparison, AMIGA (the Auger in-fill) employs 2000 m2
of shielded muon counters to provide a filling factor of ∼ 10−4 [22].) Although sensitive to em
secondaries, the Gen2 design would be focused on muon detection to ensure veto capability at
high inclinations, and to provide stable operation in the presence of snow accumulation on decadal
time scales. This alternative is intriguing for cosmic ray science, as it presents the possibility of
collecting hundreds of "peripheral" muons, contributing to the composition studies by Gen2.
Contribution of veto array to studies of cosmic ray composition. A counter for muons within
an extensive air shower must isolate the muon signal from the electromagnetic part of the shower,
either by shielding the muon counter, or by separating the muons from the em part of the shower in
space and/or time. To this end, we define two interior regions for the muon LDF: a core with lateral
separation r⊥ < 320 m common to all showers and an "umbra" where the muons are "shadowed"
by em signals. The core sets the spacing of the veto array, but we define the peripheral muons
to be those outside the umbra. The radius of the umbra depends on details of detector design, as
well as energy and inclination of the air showers. If the veto elements include shielding, the umbra
would have small radius allowing more muons to be counted. If the veto is sensitive to low energy
electrons and γ s, then the radius of the umbra is increased and surface muon yield decreases. In
[6] the muon LDF is studied for IceTop, establishing that the umbra for quasi-vertical showers and
IceTop tanks increases from 250 m to 600 m as primary energy increases from 3 to 30 PeV. We are
studying the degree of shielding required for a scintillator array to maintain an umbra at 600m, so
that ∼ 13 the muons can be used to study the hadronic nature of each air shower.
Fig. 4 shows the potential to use these peripheral muons to supplement composition studies,
assuming that size and geometry of the air shower are reconstructed in IT2. In the left panel,
the muon production is shown for a sample of simulated p and Fe showers. The simplest proxy
for separating p and Fe is to count the total number of peripheral muons, multiply by the fractional
coverage and compute an expected number of counts. At 30 PeV this corresponds to p/Fe ' 50/80.
Even with fluctuations this provides reasonable separation. In the right panel, a set of 1000 pseudoobservations of 30 PeV events is shown. For each event, shower size is smeared by 15%, setting
IT2 resolution to that achieved by IceTop [4]. The expected number of muons with r⊥ > 600 m
is then sampled to yield a simulated count which is shown on the y-axis. The x-axis shows a
comparable quantity for the in-ice bundle. We count all muons with energy Eµ > 340/ cos θ GeV,
and then scatter that with a width of ∆Log10 [Nµ ] = 0.1, simulating the performance of IceCube
bundle resolution [23]. At 30 PeV, the potential for the surface veto to separate p/Fe is comparable
to that already demonstrated for in-ice muons. By using both measures, p/Fe separation may be
improved and the main uncertainties of the combined analysis (in-ice calibration and hadronic
interaction models) may be addressed.
The left panel of Fig. 4 also suggests that muon production depth [24] may be used to inform
on nucleon mass. The solid histograms show the true production depth as reported by CORSIKA.
The unfilled histograms (labeled "Reco") show a simple estimate of depth derived from a proxy
2
for the emission height h = r⊥
/(2cδ t) and an atmospheric density profile. Here δ t is the arrival
delay of the muon relative to a planar shower front. Realizing a good muon production profile
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Figure 4: Potential for veto to contribute to composition studies (see text). Left: Average muon counts v
Xµ , for 25 p/Fe showers at 30 PeV. Right: p/Fe separation showing both in-ice (x) and surface muons (y).

places requirements on a) the quality of IT2 reconstructed core positions, and b) the timing of
muon signals from individual elements of the veto. Not only are earlier muons separated from
the main part of the electromagnetic shower, but depth of muon production (Xmax,µ , hXµ i) provides
some separation between p and Fe. The very early part of the shower (X < 200 g/cm2 ) is enriched
for Fe showers relative to proton, and provides comparable separation to just using the bulk number
of peripheral muons. Ultimately, with of order 100 muons to work with, we expect to fit the muon
production depth to describe both the number of muons and the rise time of the muon signal, which
will independently contribute to a mass resolution on a shower by shower basis.
Summary. IceCube executes a cosmic ray physics program with precision measurements of spectrum from 2-500 PeV and preliminary measurements of composition from 3-300 PeV. The program
is limited by the size of IceTop, especially with regard to in-ice and/or surface muon measurements
which are critical for measuring composition. IceCube-Gen2 will present a 5-10 times larger footprint and ∼ 50 x larger coincident aperture. Two surface components are considered. IceTop-2
would enable continuing the cosmic ray program with the larger aperture, significantly improving
spectrum and composition measurements in the expected transition region of the cosmic ray spectrum. Gen2 would also include a veto to enhance the high energy neutrino science. A veto focused
on sky coverage would increase the instrumentation footprint of Gen2 to 100 km2 , potentially improving the cosmic ray program as well. A veto focused on energy threshold would increase the
density of instrumentation, employing 5,000-10,000 m2 of particle detectors to veto air showers
down to a few hundred TeV. Such a veto would plausibly produce counts of 50 or more peripheral
muons for air showers with E > 30 PeV, providing another handle on composition in the region
expected for a transition from galactic to extra-galactic cosmic rays.
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1. Introduction
A crucial technique in the IceCube discovery of astrophysical neutrinos [2] was to
use the outer layers of the detector as an active veto against penetrating muons. This
approach, however, effectively reduces the
fiducial volume of the detector by about
50%, and requires an additional cut on the
observed charge, corresponding to an energy
threshold of 30 TeV. An alternative possiFigure 1: Skymap in galactic coordinates of a
bility would be a dedicated veto array on
GALPROP π 0 1.1 TeV simulation. The colored
the ice surface, tagging atmospheric muons
area shows the approximate region of the sky covby detecting the accompanying air shower.
ered by the veto arrays studied in this work, the
This approach would make it possible to use
purple region indicates coverage with the IceTop
the full detector as target material, and in
array. The yellow star marks the Galactic Center,
searches for muon neutrinos even the ice
the dark gray band the remaining region above the
above the detector, since high-energy muons
horizon that is not covered by the surface veto.
can reach the detector after being created
Plot taken from [1].
several kilometers away. In fact, IceTop, the
surface component of the IceCube Neutrino
Observatory [3], is used as a veto array in several analyses [4, 5, 6], although its limited size covers
only a small solid angle of the upper hemisphere (see Fig. 1). The prospects for a larger array are
particularly interesting in the context of the planned extension IceCube-Gen2 [7]. If possible, a
surface veto should be large enough to allow the observation of the Galactic Center and have an
energy threshold that is low enough to study the astrophysical neutrino flux at lower energies than
to date. A summary of motivations and techniques for such a surface array can be found in [8].
The performance of a prospective array and its optimal geometry have to be estimated by simulations. Ideally, a full simulation should be generated, covering all aspects from the interaction of
the cosmic ray in the atmosphere to the detector response including a simulation of the electronics.
Such a full simulation is however very resource-intensive and cannot be done with high statistics
for a large number of configurations, as desired in a design study.
Therefore, we follow two complementary approaches in parallel. We have developed a fast
Monte Carlo simulation based on lateral distribution functions (section 2). This simulation uses
only average shower properties, even though for a highly efficient veto exceptional showers become
important. Nonetheless, with this approach we obtain a reasonable estimate of the performance of
a large number of different array configurations within a short time. These simulations can guide
the design process.
The parallel approach is a simulation chain based on detailed simulations of extensive air
showers using CORSIKA [9], which includes simulating their interaction with various detector
array configurations (section 3). While this approach is more resource-intensive, it allows the
study of rare air showers. Examples are showers in which the primary cosmic ray interacts very
deep in the atmosphere, or production of highly energetic muons in exotic processes. In this case
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the footprint of the air shower, and therefore the detection probability on the surface, can be very
small while still producing muons that reach IceCube. This approach enables the study other exotic
processes that could produce a background.

2. LDF-based Monte Carlo simulation
2.1 Lateral Distribution Functions
The basis of the simulation described here are lateral distribution functions – empirical parameterizations of air showers – which describe the particle density in an air shower as a function of
the lateral distance to the shower core.
An important aspect of a detector at the South Pole is that with time it will be gradually
buried by drifting snow. The IceTop array observes attenuation of the electromagnetic component
of the air showers, getting stronger with time [3]. A future surface veto array must therefore be
either efficient enough to rely on the muonic component only, or constructed such that it is not
buried by snow (e.g. on stilts above the surface). Therefore, we use separate formulations for the
density of electrons and muons, taken from [10]. Their sum is equivalent to the classic formulation
by Greisen [11]. Fig. 2a shows the individual functions for muons and electrons and their sum,
together with the Greisen curve for a 300 TeV shower at the altitude of the South Pole (2835 m). It
should be noted that the parametrizations used are quite old and will be superseded by more recent
results from IceTop [12, 13] in the future.
While this approach could in principle also be applied to heavier primaries, the results presented here assume pure proton primaries. On the other hand, the approach by construction ignores
variations in the shower development. Rare showers, where for example a large fraction of the
primary energy is transferred to a single muon, cannot be simulated with this setup. Such events
become important for a high-efficiency veto, and more detailed simulations are needed (see section 3).
2.2 Detection efficiency
To obtain the air shower detection efficiency for a given array geometry, the LDFs are evaluated at the positions of the simulated detector stations. From the particle density, a Poissonian
probability to see a “hit” in each station is calculated, taking into account the station’s surface area.
Fig. 2b shows the footprint of a simulated 300 TeV shower with a zenith angle of 8◦ on the IceTop
detector. With increasing shower inclination, the thickness of the detectors becomes important: the
sensitive area of thin detectors (e.g. scintillator panels) is much smaller for very inclined showers than for vertical ones. More spherical detectors (e.g. water/ice Cherenkov tanks) have a more
uniform sensitivity. This effect is also taken into account in the simulation.1
For a given energy and zenith angle, many similar showers are simulated. To emulate the
conditions of a dedicated veto array and to save computation time, zenith angle and radial position
are chosen in conjunction, such that high-energy muons from the shower pass through IceCube.
1 This disadvantage of scintillation detectors can be partly compensated by tilting the panels increasingly with radius.

This technique restores the apparent size for inclined showers, at least for detector stations close to the shower axis, but
is currently not taken into account in the simulation.
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Figure 2: LDFs used in this study and the simulated footprint of a 300 TeV shower on the IceTop
array. The tank marked in blue has registered a muon, tanks in red have detected the electromagnetic part of the shower. The orange star marks the surface position of the shower core.
For each shower, the whole array is considered “triggered” if at least one station has seen a hit. The
detection efficiency is then the ratio of triggered showers to all simulated showers.
2.3 Geometries

y (km)

Three example geometries are studied
in detail here. The first (Fig. 3) is an extension of the existing IceTop array, called
IceVeto [1]. It consists of IceTop in the cen6
ter and 943 additional detector stations, each
4
of the same size as one original IceTop tank.
The new detectors are arranged in concen2
tric rings around IceTop. In order to achieve
0
a detection efficiency that does not depend
2
strongly on the inclination of the air shower,
while using as few tanks as possible, the dis4
tance between the rings increases with ra6
dius, while the distance between tanks along
the same ring stays approximately the same.
6 4 2 0 2 4 6
The array has a maximum radius of 6.7 km,
x (km)
corresponding to a zenith angle as seen from
Figure 3: The IceVeto geometry.
IceCube of θ ≈ 75◦ , and thus covers the ele◦
vation of the Galactic Center at θ = 61 .
The other two geometries are simpler designs. In these cases, the array covers a square area
with a side of 14 km, such that for IceCube or a next-generation detector in the center, the array
is again large enough to cover the elevation of the Galactic Center. The individual stations are
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Figure 4: Detection efficiencies for IceVeto (left), the 125 m grid geometry (middle), and the
200 m grid geometry (right), separate for muons (top) and the electromagnetic shower component
(bottom). The lines indicate detection efficiencies of 99% (white, solid), 90% (gray, dashed), and
50% (black, dot-dashed).
arranged on a regular rectangular grid. Two different combinations of detector area and station
spacing are studied. The first variant has a dense grid with a spacing of 125 m, resulting in a
total number of roughly 12 500 stations. Each station consists of a 5 m2 scintillator panel of 1 cm
thickness. An important parameter of a surface array is the fill factor, the ratio of sensitive area
to total surface area. This design achieves a fill factor of 3.2 × 10−4 . The IceVeto geometry, for
comparison, has a total fill factor of about 2 × 10−5 , albeit with a radially varying density. The
second grid variant has a larger spacing of 200 m, resulting in 4900 stations, but assumes extremely
large scintillator panels with an area of 40 m2 to achieve a fill factor of 1 × 10−3 .
2.4 Results
The detection efficiency is calculated at 6000 test points on a grid of primary energies between 1 PeV and 1 EeV (3.0 < log(E prim /TeV) < 6.0) and zenith angles between 0◦ and 78◦
(1.0 > cos(θ ) > 0.2). For each point in this parameter space, 10 000 air showers were simulated.
Fig. 4 shows the resulting detection efficiency maps as function of zenith angle and primary proton
energy, together with the contour lines of 99%, 90%, and 50% detection efficiency.
For all geometries, the detection efficiencies for the electromagnetic part are larger than the
muonic ones for very vertical showers, but show the characteristic fall-off towards larger zenith
angles, where the large atmospheric depth causes the electromagnetic part of the shower to die out,
and only the muons remain. The kink visible in the muon distributions at cos(θ ) ≈ 0.27 appears
because for larger zenith angles the shower core positions are outside the array and only the outer
parts of the showers hit the instrumented area. Similarly, the stripes in the IceVeto detection efficiencies are caused by the shower positions coinciding with the concentric rings of detector stations.

18

Simulation of a Surface Veto Array at the South Pole

S. Euler

The IceVeto detection efficiencies exhibit another kink at very small zenith angles (cos(θ ) ≈ 0.95);
this is where IceTop with its denser instrumentation becomes responsible for the shower detection.
Overall, the IceVeto geometry becomes efficient from muons at primary energies above 10 PeV.
The higher instrumentation density of the 125 m grid detector shifts the whole distribution towards
lower energies by about one order of magnitude, and only the 200 m grid detector with its fill factor
of 1000 m2 km−2 is more than 99% efficient over almost the whole parameter space studied. If
high detection efficiencies at energies below 1 PeV are desired, a dense intrumentation is needed.

3. CORSIKA-based MonteCarlo Simulation
As discussed in the introduction, one advantage of a detailed simulation of air showers and
detector response is the possibility to study rare phenomena. With a proton-air interaction length
of about 70 g cm2 , a fraction of 10−3 primary protons survive to a depth of 490 g cm2 . Compare
that to the roughly 690 g cm2 vertical depth of South Pole. Deep showers develop in a significantly
denser atmosphere than average showers and hit the ice within a few interaction lengths of the first
interaction. This reduces the probability that high-energy pions decay, and modifies the number
and energy spectrum of the muons in the air shower. Conversely, primaries that interact high in
the atmosphere develop on a less dense medium than average. Understanding the effects of these
shower-to-shower fluctuations requires a detailed simulation of the cascading process.
In this study, 23 000 proton-induced air showers were simulated with energies between 10 TeV
and 5 PeV and zenith angles less than 65◦ . We used CORSIKA with the Sibyll 2.1 high-energy
interaction model [14]. The simulation included a simplified model of the detector response with
various detector array configurations. We have considered an array of scintillation detectors, each
one consisting of one 1 cm thick polypropylene scintillator panel of varying surface area laid flat
on to the surface of the ice. The signal recorded at each scintillation detector is proportional to
the energy loss in the detector according to Bethe’s formula. The signal is expressed in units of
Vertical Equivalent Muon (VEM), defined as the signal deposited by a 3 GeV muon crossing the
detector vertically. With this convention, the threshold for recording a signal was set to 0.3 VEM.
The flexibility of our setup will allow us to replace this simulation by a more detailed one in the
future. In order to understand the effect of deep air showers, we simulated a small set of 2000
quasi-vertical (θ < 20◦ ) proton-induced showers where the primary was forced to interact at points
evenly distributed in depth between 0 and 500 g cm2 .
3.1 Results
The air shower detection efficiency can also be expressed as a passing fraction, the fraction of
air showers that do not trigger the veto array. This is shown in Figs. 5a and 5b in the case of four
representative configurations and for vertical/inclined air showers. Using a simple scaling model,
one expects the veto threshold to be proportional to the square of the array spacing and inversely
proportional to the scintillator surface area. In other words, the fill factor described above. This
implies that there is a trade-off between detector size and array spacing, but this is true only if the
array spacing is comparable to the typical air shower footprint size. This can be seen in Fig. 5a,
where decreasing array spacing and scintillator area while keeping the total fill factor constant
produces a decrease in the passing fraction (light/dark blue points in Fig.5a). This is related to

19

Simulation of a Surface Veto Array at the South Pole

100

100

10-1

Ppass

S. Euler

10-1

10-2
10-2
10-3
101

102

E/TeV

104

103

101

0.8 m2
3.2 m2
3.2 m2
0.8 m2

(a) θ < 25◦

62.5 m
125 m
62.5 m
125 m
102

E/TeV

104

103

(b) 53◦ – 56◦ .
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5%, 50% and 95% quantiles. Two primary energies are displayed: 100 TeV (left) and 800 TeV
(right). Both correspond to 3.2 m2 scintillators in a regular triangular array with 62.5 m spacing.

the fact that the detection is dominated by the electromagnetic component of the air shower. By
contrast, in Fig. 5b, where the air showers are dominated by the muon component, with a wider
extent, the scaling holds.
The effect of the point of first interaction can be seen in Figs. 6a and 6b. The highest point of
the curve corresponds to events in which the shower maximum lies at the surface. One can clearly
see that deeper and shallower showers have a lower number of detectors registering a signal. At
800 TeV, the fraction of showers not detected by the veto are mostly produced at large depths,
while at 100 TeV some of them are produced at small depths. This is for quasi-vertical air showers,
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but one expects a similar behavior for inclined air showers.
The passing fraction was estimated down to values around 10−3 , as seen in Fig. 5. In order to
probe smaller values, more efficient ways of generating simulated datasets are needed. The passing
fraction is determined mostly by the primary point of first interaction, as shown in Fig. 6. It is
also affected by the subsequent development of the air shower. We are working on algorithms that
exploit this fact in order to efficiently simulate showers that have a small probability to be detected
by the surface veto.

4. Summary
There are qualitatively two distinct regimes for a surface veto: vertical (cos(θ ) ' 0.5) and
inclined (cos(θ ) / 0.5) (Fig. 4). Focusing on one or the other leads to different detector design
decisions. In the vertical case, the threshold is determined by the sensitivity to the electromagnetic
component of the air shower, and it depends on the snow accumulation. In this case, thresholds
as low as 100 TeV seem to be attainable with a fill factor of 10−3 , and reasonable array spacing
and size (5). In the inclined case, the threshold depends on the sensitivity to muons and it is larger
by about a factor of 4 at 55◦ . In both cases a detailed study must be done in order to estimate the
energy at which the detectors reach a passing fraction of 10−4 to 10−6 . A detailed simulation of air
showers and the in-ice detector response are needed to understand the effect of rare events.
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A next generation of IceCube is under design including the Precision IceCube Next Generation
Upgrade (PINGU) for the neutrino mass ordering and an extended array for astrophysical neutrino
sources. A new level of precision is needed in order to guarantee improved performance with
respect to IceCube. An improved calibration system will enable a better understanding of the ice
and will therefore significantly reduce systematic effects. We present a new instrument called
the Precision Optical Calibration Module (POCAM). By keeping the outer topology identical to
that of the IceCube Digital Optical Module (DOM), cost-effective construction and deployment
is ensured. The design of the POCAM is based on the principle of an inverted integrating sphere.
An appropriately placed LED in combination with a diffusing layer on the inside of the sphere
results in a nearly homogeneous light emission from the apertures in the spherical housing. The
output of the LED is monitored in-situ to high precision, ensuring control over the output from the
apertures. The POCAM has been simulated and tested in the framework of Geant4. A prototype
POCAM is under construction. We report on the status of the POCAM R&D.
Corresponding authors: K. Krings⇤1 , K. Abraham1 , K. Holzapfel1 , M. Jurkovič1 , E. Resconi1 ,
J. Veenkamp1
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1. Introduction
For the next generation of IceCube (IceCube-Gen2) [1], two different detectors are under
study: the Precision IceCube Next Generation Upgrade (PINGU) [2] for the determination of the
neutrino mass ordering through a precise measurement of atmospheric neutrino oscillations and
a high-energy array [3] instrumenting about 10 km3 volume of Antarctic ice for high-statistics
observations of astrophysical neutrino sources. Both share a common Digital Optical Module
(DOM) design, which includes a calibration system similar to IceCube: each DOM is equipped
with 12 LEDs, pointing radially outward from the DOM. The calibration system will be used to
measure the optical ice properties and the DOMs’ timing, sensitivity, positions, and orientations.
For IceCube, it has provided the level of precision required for the present detector operation. On
the other hand, it lacks an in-situ monitoring of the emitted light pulses. LED variation over time as
well as LED-by-LED variations limit the precision presently obtained in IceCube. We propose here
a self-calibrated, homogeneous, pulsed, and multi-wavelength calibration module: the Precision
Optical Calibration Module (POCAM). With the POCAM, measurements of the energy scale and
resolution will be performed to the percent precision level, and an even more precise understanding
of the optical properties of the Antarctic ice and DOM sensitivity will be provided.

2. POCAM performance goals
The POCAM, shown in Fig. 1, is a calibration device, which will be located on the communication/power cable alongside the DOMs. The POCAM’s main goal is a homogeneous and fast
illumination of a large part of the instrumented ice volume by providing an isotropic pulsed light
source. Fast illumination refers to high-peaked light pulses with short decay times.

Penetrator

Pressure sphere

PIN diode and LED
Harness
Integrating sphere

Figure 1: Left: POCAM as a 48 multi-port integrating sphere with a diameter of 24 cm placed in an IceCube
pressure sphere. Right: first microsecond of the photon propagation of an idealized isotropic POCAM flash
inside PINGU.
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Assuming an ideal POCAM, no saturation in the DOMs, and a suitable dynamic range, we
want to verify the detector’s energy scale and energy resolution1 at the level of a few percent and
measure the absorption and scattering lengths of the Antarctic ice at a level of better than 10 %.
The equivalent energy range covered by the POCAM is between a few GeV and some TeV, in
the specific case of PINGU. More intense light pulses can be built for a high-energy optimized
POCAM. Because the PINGU baseline geometry has a symmetry in the azimuth direction and an
up-down asymmetry due to the DOMs’ asymmetric construction, we aim for a homogeneous ice
illumination on the order of 1 % and 10 % in azimuth and zenith directions, respectively.
Degassed hole ice, PINGU DR =
Hole ice, PINGU DR =

104

Hole ice, PINGU DR =
Degassed hole ice, PINGU DR =

Degassed hole ice, PINGU DR = 35 PE
Hole ice, PINGU DR = 35 PE
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Figure 2: Left: response of DOMs on string 90 to POCAM flashes from the middle of string 88 with 109
photons per pulse. Middle: detector response to POCAM flasher pulses of different brightnesses. Right:
energy resolution as function of the POCAM brightness. PINGU’s dynamic range (DR) was either assumed
to be unlimited or restricted to a maximum number of collected photoelectrons (PE) per DOM of 35 PE.

An important design parameter is the light intensity necessary to address the energy scale
verification and energy resolution. To answer this question, we have simulated the propagation of
individual photons with l = 405 nm (IceCube’s standard flasher LED) in the Antarctic ice, emitted
by an idealized POCAM as an isotropic point-like light source. The photons were propagated from
the light source to the individual optical modules of both the existing IceCube and the planned
PINGU detectors. For the simulation, we have used the current PINGU baseline geometry [4]. The
light source has been placed in the middle of a central PINGU string. We have simulated a light
emission with an ideal delta-like time profile yielding between 106 and 109 photons per pulse. This
light intensity is equivalent to a cascade-like physics event with deposited energy between 6 GeV
and 6TeV, respectively. For the light propagation through the Antarctic ice, we have used IceCube’s
SPICE-Lea [5] ice model in two variations. The first variation labeled as hole ice corresponds to the
current IceCube refrozen drill hole ice with increased scattering. In the second version, the planned
improvement in the drilling technology is taken into account, which should lead to reduced light
scattering in newly frozen ice. The latter version is labeled as degassed hole ice. The scattering
of light in the hole ice affects the amount of light registered by a DOM coming from a particular
direction and thus influences the DOMs’ angular response. Indeed, this effect is visible in the
simulation of light collection for DOMs on string 90, which is the closest neighbouring string to
the light source (see Fig. 2, left). The limited dynamic range of the PINGU readout electronics will
affect the reconstruction of bright POCAM flashes and thus impact the energy scale verification
1 Here,

energy resolution is defined as DNPEFWHM /NPE, where NPE is the number of photoelectrons.
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and resolution. To estimate the limiting brightness, we have limited the maximum collected charge
to 35 photoelectrons. Such a hard limit is a rather conservative modelling of PINGU’s electronics
saturation but can be considered as a worst-case scenario. As shown in the middle plot of Fig. 2,
in this configuration saturation starts to play a role at flasher brightnesses above 108 photons per
pulse. In the investigated flasher brightness range, the energy resolution drops from 14 % (106
photons per pulse) down to ~1 % (108 photons per pulse) (see Fig. 2, right).

3. POCAM components
The POCAM is composed of a light source that has to be intense and fast enough for our
purpose here: an in-situ light monitoring system that will guarantee a precise knowledge of the
light emitted in the ice, a diffusing sphere to generate homogeneous illumination from a discrete
light source, and a housing that will allow safe deployment and operation of the POCAM in the deep
ice. A matrix of monochromatic fast-switched (few nanoseconds) LEDs with different wavelengths
from 370 to 500 nm will be used as a light source. The LEDs are driven by the Kapustinsky
circuit [6], which has become popular in astroparticle physics experiments for time and amplitude
calibration, including neutrino telescopes (e.g. [7, 8]). This driver is capable of driving LEDs with
pulses of few ns FWHM, and the LED provides light pulses with up to 109 photons per pulse.
This photon yield corresponds to an electromagnetic shower with an energy of ~6 TeV. The light
intensity can be controlled only by the applied supply voltage (VCC < 24 V). A fast solid state
detector such as photodiodes or silicon photomultipliers are implemented in the POCAM in order
to continuously in-situ monitor the light emitted with a precision of about 1 %. The emitting sphere
is composed of an integrating sphere operated in an inverted mode respect the standard one. The
highly reflective polytetrafluoroethylene (PTFE) internal layer is used to diffuse the photons from
the light source. Multiple ports are then constructed to create a possibly diffused light source. As an
alternative to the multi-port setup, a semi-transparent diffusing sphere is also under investigation.
To study the performance of the two diffusing sphere options and to optimize the geometry of
the POCAM, a dedicated Geant4 [9] simulation has been developed. First results are reported in
Sec. 4. The well-tested IceCube pressure sphere is used for the housing of the POCAM. This choice
reduces the homogeneity of the POCAM via the presence of the penetrator, the waistband/harness
at the equator of the glass sphere, and the cable shadowing, but eases the integration of the POCAM
into the standard deployment operations. Presently, a (semi-)transparent waistband and a thinner
harness are under study. Moreover, all shadowing influence the measurement at short distances,
e.g. at the closest DOMs to the POCAM, but their impact is highly reduced as the distance from
the POCAM increases due to photon scattering in ice.

4. POCAM performance study
To optimize the POCAM, a dedicated Geant4 [9] simulation has been implemented. We report
here preliminary results of the performance studies done for the multi-port as well as for the semitransparent layer setup.
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4.1 Multi-port setup
As a first step, the POCAM diffusing sphere has been implemented as a multi-port integrating sphere, placed inside the IceCube pressure sphere as shown in Fig. 1. Both volumes are filled
with air. The focused light output of the LED, attached to the integrating sphere’s inner layer and
facing the opposite direction, is diffused inside the integrating sphere after several reflections on
the inner diffusing layer and released into the surrounding ice after passing one of the multiple
ports in the integrating sphere and the outer pressure sphere. Light homogeneity and timing were
investigated by varying the integrating sphere diameter, the number of ports, and the port position
and size. The outer pressure sphere has a fixed diameter of 33 cm, and all photons quantities were
stored with respect to a reference detection sphere with a diameter of 40 cm. Absorption in both the
integrating sphere and the pressure sphere as well as shadowing by the waistband/harness and the
penetrator were taken into account. Not studied so far are the influence of the main cable, electronic
components inside the POCAM, the hanging assembly, and the port shape. In the simulation, the
integrating sphere’s thickness has been idealized to be 1 mm. Each port is shaped as a spherical
sector with an opening angle a. IceCube’s standard 405 nm LED was simulated with a Gaussian
wavelength, a uniform cosine-law angular, and a rectangular timing distribution. Wavelength standard deviation, opening angle, and pulse width were adjusted to 10 nm, 10 , and 10 ns, respectively.
PTFE with a reflectivity of about 99 %, provided by manufacturers2 , was chosen as the material for
the integrating sphere. Values for the pressure sphere’s absorption length were taken from IceCube
laboratory measurements. The pressure sphere’s refractive index of 1.48 was fixed.
Config.

D/cm

C1
C2
C3
C4
C5

24
6
24
24
24

n

a/

768
768
768
192
–

1
1
2
2
–

T
1.46 %
1.46 %
5.85 %
1.46 %
–

A
61.0 %
74.4 %
37.3 %
57.7 %
50.3 %

q < 60
11.9 %
14.7 %
12.9 %
12.3 %
12.4 %

Inhomogeneity
60  q  120
18.5 %
56.4 %
18.9 %
17.8 %
14.5 %

q > 120
11.6 %
10.3 %
12.1 %
11.6 %
12.4 %

Table 1: POCAM configurations: integrating sphere diameter D, number of ports n, port opening angle a,
effective photon transparency T , photon absorption A, and inhomogeneity for three different zenith angle
zones. Configuration C5 corresponds to the semi-transparent setup described in section 4.2.

Four different POCAM multi-port configurations listed in Tab. 1 were investigated. The baseline geometry consists of an integrating sphere with a diameter of 24 cm and 768 equidistantly
distributed equal ports with an opening angle of 1 , which results in an effective transparency of
the integrating sphere to photons of 1.46 %. Effective photon transparency T and photon absorption
A are defined as
DWport
1 cos(a/2)
N
T = n·
= n·
, A=1
,
(4.1)
4p
2
N0
where n is the number of ports, DWport the solid angle of one port, a the port opening angle, N
the number of photons emitted from the POCAM, and N0 the number of photons emitted from the
LED. In order to avoid too many non-reflected photons, T was restricted to a maximum value of
2 SphereOptics

Zenith Polymer R
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about 5 %. The inhomogeneity of the POCAM’s photon emission is defined as the ratio of s and
N̄, where
s
1
1
s=
(Nk N̄)2 , N̄ =
(4.2)
Â
Â Nk .
nk 1 k2DW
nk k2DW
Here, Nk are the emitted photon counts per bin k lying in the solid angle region DW and nk the
number of bins. The inhomogeneity was calculated for the solid angle regions representing the
harness shadow and for the regions above and below. Fig. 3 shows the corresponding distributions
of the photon emission direction for all POCAM configurations.
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Figure 3: Photon emission direction. In this representation, the LED and penetrator positions are at
f = 0 , q = 90 and f = 180 , q = 30 , respectively. The harness is between q = 79 and q = 101 .
Configuration C5 corresponds to the semi-transparent setup described in section 4.2.

The inhomogeneities due to the shadows of harness and penetrator are clearly visible for zenith
angles between 60 to 120 and for azimuth angles below 30 or above 300 in the northern hemisphere, respectively. The shadows get smaller but more pronounced if the size of the integrating
sphere is reduced. Except one outlier for configuration C2 (see Tab. 1), all inhomogeneities are
on the order of 10 to 20 %. On average, the baseline configuration gives the best homogeneity. If
decreasing the number of ports or increasing the port size, an imprint of the port positions becomes
visible as a third source of inhomogeneities due to photons entering the ice without being reflected
on the inner diffusing layer or only once. With an integrating sphere diameter of 6 cm for configuration C2, almost no photons are emitted horizontally from the POCAM, which explains the large
inhomogeneity value of 56.4 %. A different conclusion for the most homogeneous configuration
can be drawn, if the shadow regions due to harness and penetrator are not taken into account. Fig. 4
shows the average photon emission direction in azimuth direction for different zenith angle bands.
Taking eq. 4.2, configuration C2 has the smallest deviations in the azimuth direction, which is on
the order of 2 %. However, the deviations in the zenith direction are still significantly larger than
our requirement of less than 10 %. Thus, the POCAM geometry needs to be further optimized.
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Figure 4: Left: average photon emission direction in azimuth direction for different zenith angle bands.
The error bars show the standard deviation. Right: emission time profile. The shaded area refers to the
rectangular LED time profile with a width of 10 ns. An exponential distribution is fitted to each time profile
for t > 20 ns and shown as a solid line.

In Fig. 4, the time profile of configurations C1 to C4 are shown. The spectrum is mostly influenced by the effective photon transparency. For a larger ratio of DWport /4p, more photons leave the
POCAM early. The rising part of the time spectrum is strongly dependent on the emission profile
of the LED. The position of the peak is independent of the chosen configuration. Nevertheless, the
peak is slightly higher for both configuration C2 and C3. The time distribution falls exponentially
after the peak. The decay times are t1 = 26.4 ns, t2 = 8.1 ns, t3 = 9.1 ns, and t4 = 24.2 ns. A
fraction of the photons leave the integrating sphere earlier, resulting in a higher peak and a shorter
decay time t.
4.2 Semi-transparent setup
The semi-transparency and diffusivity are simulated by defining probabilities for the photon
to be either diffusely reflected, diffusively transmitted, or absorbed every time its path coincides
with the integrating sphere: Prefl , Ptrans , and Pabs = 1 Prefl Ptrans . To establish diffuse transmission, slight modification to Geant4 have been made. The used probabilities are based on data
provided by manufacturers2 . The probability of diffuse transmission can serve as an analogue to
eq. (4.1). As a first result, we present a simulation of a semi-transparent PTFE integrating sphere
with D = 24 cm, Prefl = 0.960, and Ptrans = 0.025. This simulation produces inhomogeneities listed
in Tab. 1 for configuration C5. In Fig. 4, the azimuth direction for different zenith angle bands
are shown, together with the time profile. The time profile’s exponential part has a decay time
of t = 13.1 ns. The time profile of the multi-port baseline configuration is shown for comparison.
These simulations show that a semi-transparent PTFE integrating sphere offers advantages over the
multi-port configurations. In this configuration, single-reflected photons are as likely as in the port
configuration, but independent of the location. The pattern of inhomogeneities is clearly visible for
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configuration C3 and C4 (see Fig. 3). For configuration C1 and C2, this pattern is present, but less
visible. In the semi-transparent PTFE configuration, this pattern is spread out, principally leading
to a higher level of homogeneity. This effect is visible in the zenith angle bands (see Fig. 4, left),
where the transition from shadow to non-shadow is continuous, whereas it is stepwise for the multiport configurations. In spite of the clear advantages of a semi-transparent PTFE configuration over
the multi-port configurations, conclusive statements would be premature because PTFE is difficult
to simulate [10].

5. Conclusions and outlook
We have presented here first ideas and investigations of a new Precision Optical Calibration
Module (POCAM). A few POCAM modules deployed uniformly in IceCube-Gen2 at different
depths will help to verify the energy scale and resolution of the future arrays and to determine the
optical properties of the South Pole ice with a superior precision compared to present values. With
the dedicated POCAM simulation in Geant4, we are able to draw first conclusions on the design
of the POCAM geometry: the POCAM configuration consisting of an integrating sphere with a
diameter of 6 cm and 768 equidistantly distributed ports with an opening angle of 1 gives the most
homogeneous photon emission with inhomogeneities on the order of 2 % in the azimuth direction,
which is close to the level of precision we want to achieve; the 6 cm integrating sphere results in
a timing with fast rising edges, which are suitable to trigger the continuous pulse monitoring, and
decay times below 10 ns; and the POCAM configuration as a semi-transparent diffusing sphere
gives also positive results showing a photon emission which is not restricted to discrete locations.
The homogeneity in the zenith direction has still to be improved in order to reach a precision of less
than 10 %. However, this requirement may be relaxed if photon scattering in the ice is taken into
account. Following these first encouraging achievements, we plan to complete the design study
and to enter the prototyping phase soon.
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The upgrade of the IceCube neutrino observatory (IceCube-Gen2) enhances the detection capability of neutrinos with a few hundred TeV energies or greater by the increased instrumented
volume in the glacier ice. Enhancement of the optical sensor performance in detecting ultraviolet
photons can be a key factor for IceCube-Gen2 to achieve a higher sensitivity as more Cherenkov
photons are expected in the short wavelengths. We have developed an optical module housing
two 800 photomultiplier tubes (PMTs) in an UV transparent, oval-shaped glass housing. The two
high-QE PMTs are installed in a way facing both up and down so that the resultant angular acceptance is more uniform. This uniformity of optical acceptance further improves the detection of
downward-going events and background veto efficiency compared to the current IceCube optical
sensors. In addition, the improvements on UV transmittance of the glass housing and the inner
gel lead to an improvement of the photon detection efficiency by a factor of four at wavelengths
shorter than 340 nm.
Here, the initial performance of the first prototype module of D-Egg is reported. We also present
simulation studies of the IceCube-Gen2 performance with the new dual-PMT modules.
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The high-energy extension of the IceCube experiment aims at improving the sensitivity for the
detection of neutrinos with few hundreds of TeVs and energies beyond. To achieve this, a larger
instrumented volume is needed and the spacing between strings will be increased [1]. To improve
the efficiency for detecting Cherenkov photons, one can use new types of glass-housings that are
more UV-transparent. In addition, the direction information of photons might help with vetoing
atmospheric muon backgrounds. The design of the new detector, D-Egg (Dual optical sensors
in an Ellipsoid Glass for Gen2), has been optimised to increase the detection efficiency for UV
photons and angular acceptance at a minimum additional cost. The advances of D-Egg make it
also an excellent candidate to be the light sensors of the low-energy upgrade, PINGU [2], which
focuses on precise measurements of low-energy neutrinos in the ice.
The concept of the D-Egg in more details is introduced in Section 1. In Section 2, the new
optical module is simulated using GEANT 4 [3] and the angular sensitivity is compared to the current
IceCube. Measurements of the properties of D-Egg in the lab are also discussed. Next in Section
3, the gain of performance when using D-Egg is illustrated by simulating muons in the ice.

1. The concept of D-Egg
The current Digital Optical Module (DOM) in IceCube carries one 1000 PMT (Hamamatsu
R7081-2) looking down to the ice [4]. It has been proven to be reliable and with satisfactory
performance. The D-Egg carries two 800 PMTs (Hamamatsu R5912-100) with one looking up and
one looking down as shown in Figure 1.
One unique feature of D-Egg is that the depth of the
glass varies along the latitude, being thickest at its equator
and thinnest at the pole. The design of the thickness were
carefully optimised for both requirements from optical performance and mechanical strength, which are usually contradicted to each other. The mechanical tolerance has been
verified in the pressure vessel with P = 70 MPa, which is
higher than the greatest pressure observed so far during the
freeze-in process of the current IceCube. The diameter of
D-Egg is 300 mm, which is 30.2 mm smaller than the current IceCube DOM and will reduce the drilling cost. The
electronics and digital readout are modified based on the
designs of the Gen2 baseline DOM [5].
Another important characteristic of D-Egg is the enhancement of the efficiency for detecting UV photons. The
emission spectrum of the Cherenkov radiation can be deFigure 1: The shape of D-Egg. The
scribed by 1/λ 2 , therefore it is key for detectors to have
height of the glass is 534 mm and the
high acceptance in the UV range. The absorption length of
diameter at the equator is 300 mm.
photons of different wavelengths varies with depth due to
different optical properties of the ice layers. In the deepest
clean ice, the absorption length of 380 nm photons is ∼ 200 m while it is only ∼ 40 m in the dust
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layer. At the depth of ∼ 400 m above the dust layer, the absorption length of photons of λ ∼ 350 nm
is 135 m, which is only 15 m shorter than photons of λ ∼ 400 nm.
For the current IceCube DOM, the glass used to house the PMT absorbs 40% of photons with
350 nm. An improved type of glass has been chosen for housing D-Egg. By removing the iron
contamination in the glass and reducing the thickness by 0.27 cm, over 95% photons of 350 nm
pass through the glass vertically at the pole. A new type of gel has been used and the thickness
remains the same with the current DOM. The transmittance is shown in Figure 2(a).
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Figure 2: (a) Transmittance of glass and gel for photons with different wavelengths for the current IceCube
DOM and D-Egg. (b) The comparison of Quantum Efficiency (QE) of the current IceCube 1000 and the DEgg 800 PMT. The curves are from Hamamatsu measurements [6] without corrections for collection efficiency
or charge response. It has also been proposed to use the high QE PMTs which are currently taking data in
the DeepCore [7] for the next generation of IceCube. The DeepCore PMTs have similar QE with the 800
PMTs in D-Egg.

The quantum efficiencies of the 800 PMTs are higher especially at the UV range, as shown in
Figure 2(b). At wavelength λ = 380 nm, QE is improved from 25% to ∼ 33%. The combined
effect of using the new glass and PMT significantly enhance the detection of UV photons. In the
next section, simulations of the photon propagation in the glass, gel and PMT are performed and
the quantum efficiency of the detector is compared with measurements made in the lab.

2. Detector simulations and lab measurements
The geometry and optical properties of D-Egg have been implemented in GEANT 4. Photons
of wavelengths 300 nm to 650 nm were simulated in circular beams. The beams are rotated from
the bottom to the top of the DOM and have a diameter of 0.534 m, which is the same as the height
of D-Egg. The characteristics of the new PMTs measured in the lab, such as the charge response
and the uniformity of the collection efficiency are included in the PMT simulations.
The effective area for all wavelengths and zenith angles for the IceCube DOM and D-Egg is
shown in Figure 3. It is calculated as the ratio of the number of photoelectrons generated by the
PMT over the number of incident photons. It is clear that the IceCube DOM is mostly sensitive
to photons from below the DOM with zenith angle θ ≥ 90◦ . On the other hand D-Egg has nearly
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∼ 4 times the effective area of the spherical DOM.
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Figure 3: The effective area of the current IceCube spherical DOM (a) and D-Egg (b). The optical properties
of glass and gel have been implemented in GEANT4 simulations. The PMT simulations include the charge
response correction, quantum and collection efficiencies. Each point scales with the probability of photon
of certain wavelength and zenith angle being converted to photoelectrons.

It is important to verify the simulations using measurements in the lab. Figure 4 shows
the setup in the lab for measuring the quantum efficiency of D-Egg in a freezer. Five LEDs
(340, 365, 470, 520, 572 nm) are used as light sources. A fraction of the photons are split from
the beam and goes to a small (monitor) PMT that has well-known gain. The ratio of reflection
over transmission for the beam splitter is measured for each run. One could estimate the number
of photons reaching the big PMT by scaling the number of photons observed via the small PMT.

LEDs

Beam splitter

small PMT
(for calibration)

8 inch PMT

Gel

Figure 4: Lab setup for measuring quantum efficiency of D-Egg (with glass and gel) in the freezer. There are
five LEDs contained in the wooden box on the left. The position of the LEDs are shifted using an automatic
base so that the measurements will not be disturbed when the freezer is closed.

The quantum efficiency of the bare PMT was measured first and is about 90% of the Hamamatsu result due to the absence of the charge response correction. With taking into account the
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glass and gel, D-Egg has a wavelength acceptance at 350 nm of nearly 26%, which is 13% higher
than that of the current IceCube DOM. A comparison between lab measurements and simulations
for D-Egg is shown in Figure 5.

MC D-Egg: Bare PMT (romeo)
MC D-Egg: Glass & Gel (romeo)
MC IceCube DOM (romeo)

350
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500

Wavelength [nm]

550

600

Figure 5: Comparisons of quantum efficiency measured in lab and simulations. The simulations are based
on GEANT4 and romeo. Bare-PMT simulation is compared with Hamamatsu measurements which have
been corrected for charge response. The blue curve shows the simulated efficiency when photons hit the
centre of the photocathode of an IceCube DOM.

It has been demonstrated that D-Egg has great advantages on angular sensitivity and UV
photon-detections. In the next section, the importance and improvement of using D-Egg is shown
by looking at physics events using muon simulations.

3. The physics case of using D-Egg
Atmospheric muons are a tricky background for neutrino searches and it is vital to identify
them. The improvements of angular and UV photon sensitivity using D-Egg ultimately provide
additional information on physics processes in the ice, which are useful for rejecting muon backgrounds and reconstructing the event geometry. In this section, first an example of muon event is
shown to illustrate the importance of having the up-looking PMT, followed by a discussion of how
the veto could be improved using D-Egg.
3.1 An example of a muon event
A down-going muon with zenith angle 50 ◦ is shown in Figure 6(a). The Monte Carlo energy
of the muon is 4 TeV and 540 GeV is lost through bremsstrahlung. The energy loss was very
close to the DOM (∼ 20 m) and photons experience few scatterings. The emitted photons are in
the forward direction of the track and a large fraction hit directly on top of the DOM 60, which
is located at the bottom level on string 41. The muon only develops at a ‘corner‘ of the IceCube
detector and partly contained.
The larger the distance, the more scatterings the photons go through so that the zenith angles
become more homogeneous. Due to the short distance, the average number of scatterings for
photons arriving on DOM 59 and 60 is about 5, which means these photons nearly do not change
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Figure 6: (a) The example event that has DOMs close to an energy loss of 540 GeV through bremsstrahlung.
DOM 59 and 60 are on string 41 with DOM 59 above DOM 60. Photons undergo ∼ 5 scatterings and a huge
fraction of them arrive on the top of DOM 60 (zenith angle smaller than 90 ◦ ). (b) Distribution of zenith
angle for photons when arriving on DOM 59 and 60. The angles are results of post-scatterings.
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the direction of propagations. The distribution of zenith angle for each photon arriving on DOM
59 and 60 is shown in Figure 6(b). As expected DOM 60 receives majority of photons from the top
and DOM 59 receives most photons from the bottom of the detector.
Photons hitting the top of the DOMs with θ = 50◦ have low probability of being detected by
the IceCube DOM (Figure 3(a)). The number of photons which hit the DOMs as a function of
the in-ice depth is shown in Figure 7 (left). The simulation was done by tracing each Cherenkov
photon using GEANT 4. Once the photons arrive at the DOMs, they are passed on to the detector
simulation of IceCube DOM and D-Egg in parallel. The distribution of photoelectrons is shown in
Figure 7 (right) for both D-Egg and IceCube DOM.

Photon information

Photoelectron information
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Figure 7: Left: The photon profile as the muon travels through the ice. The event happened close to the
bottom layer of the ice. Only photons that arrive on the DOMs are counted. Right: The photoelectron profile
as detected by D-Egg and IceCube DOM. ’NPE’ stands for number of photoelectrons. The gaps between
the depths are due to the distance intervals between DOMs on the strings.

The number of photoelectrons generated in DOM 60 is highly suppressed in the case of the
IceCube DOM. The depth of DOM 60 is marked as a star. It is evident from Figure 7 that the photon
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profile of this event can only be reproduced by using the photoelectron information provided by
D-Egg. The photoelectron map from the IceCube DOM is inaccurate, which could have serious
impacts on the interpretation of the zenith angle and the energy of the event. More studies regarding
this issue have been planed in the future with dedicated simulation samples.
3.2 Potential for improving self-veto
One of the popular methods to reject muon backgrounds is to count the number of photoelectrons on the outer layer of DOMs. In such way neutrinos that have vertex inside the detector are
selected. The background muons come from the atmosphere and in principle generate Cherenkov
photons hitting the top of the DOMs, which is not ideal for the down-looking PMTs. However, photons are scattered in the ice and eventually the angular distributions become more isotropic unless
the DOMs are close to the interaction points and direct light reaches the DOM. To understand how
D-Egg could help for self-veto [8], single-muon events are simulated with energies from 100 GeV
to 10 TeV.
Typically for the current IceCube the ice in the holes has different optical properties compared
with the ice between the strings [9]. The scattering length is much shorter than that in the bulk ice
due to the drilling process. However, for the Gen2 upgrade more precautions [1] will be made and
one expects much clearer ice in the holes. Therefore for simulations included in this study, the hole
ice is considered as the same with the bulk ice. Vertical muons with θ < 40◦ are selected. Figure 8
shows the distribution of zenith angles of the photons that hit the DOMs for all the selected 1052
events.
Nγ
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Figure 8: Distribution of zenith angles of the photons that arrive on the surface of the DOMs. The red curve
shows the angles at emission. The black curve shows the angles after photons travel in the ice and scatter.
The results are the sum of 1052 down-going muons.

After multiple scatterings, the number of photons that are down-going are still higher than
those up-going. The ratio is ∼ 1.5 : 1. We then select a set of through-going muon tracks, which
are the majority of the background. Events penetrating the detector instrumentation volume by
more than 950 m are included. The photon profile is shown in Figure 9 (left).
The total number of photoelectrons of D-Egg is more than 3 times the NPE value of the
IceCube DOM for down-going muons (Figure 9 right). This shows the potential of decreasing the
veto volume to gain more effective area for the neutrino searches.
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Figure 9: Left: Photon profile for the 414 down-going muons that went through the detector volume vertically. Only photons that arrive on the DOMs are counted. Right: Photoelectron profile of the 414 events
detected by D-Egg and IceCube DOM. The dip in the middle is due to dust layer of the ice where the
absorption length of photons are small.

4. Summary
The D-Egg has been introduced. A DOM with more UV-transparent glass and two PMTs
improves the angular sensitivity and the acceptance of Cherenkov photons. By using signal and
timing information from two PMTs, we expect it will be possible to reconstruct the event zenith
angle and energy with smaller uncertainty and also to increase the effective area of down-going
neutrino search.
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1. Introduction
IceCube, the world’s largest neutrino telescope, utilizes the ultra-pure Antarctic ice at the geographic south pole as a detector medium. The recent discovery of high energy astrophysical neutrinos [1] by IceCube as well as a variety of other high impact results in the fields of astrophysics
and particle physics have proven the success of the detector concept. Extensions to the IceCube
detector, in form of a multi-megaton precision neutrino detector with an energy threshold of about
a GeV, known as the Precision IceCube Next Generation Upgrade (PINGU) [2], and a high-energy
neutrino detector optimised for observing TeV to PeV neutrinos, known as IceCube-Gen2 [3], are
being considered. The extensions will reuse the very reliable design of IceCube’s digital optical
models (DOMs). Several improvements are considered, among them is an on-board camera system to survey the ice surrounding the optical sensors. In this proceedings we focus on the camera
system for PINGU, which could be a key to reduce systematic uncertainties on light propagation
in the ice and aid in achieving the primary physics goals of measuring the neutrino mass hierarchy
and searching for dark matter.

Figure 1: Left: Schematic drawing to illustrate potential camera measurements: (#H1) Hole ice survey.
(#H2) Mapping of hole shape. (#H3) Cable position and orientation. (#B1) Light transmission and scattering
at hole ice - bulk ice interface. (#B2) Light attenuation and scattering in the bulk ice. (#G1) Orientation
of camera DOM. (#G2) DOM geometry. Right: Potential camera positions in the DOM. Details of the
measurements are described in Table 1 and text.

Like IceCube, PINGU would detect neutrinos via Cherenkov light emission from secondary particles generated when a neutrino interacts in the deep Antarctic ice. Reconstruction of neutrino
induced events depend strongly on the accurate modeling of the light propagation in the ice. A
multitude of calibration devices including LED flashers, retrievable laser systems in the drill holes,
two bright calibration light sources called the Standard Candles and a special device camera, have
resulted in detailed understanding of the ice. The LED flashers, which are twelve radially outward
pointing 405 nm LEDs on each DOM, are indispensable for the most advanced models of ice properties, as they provide calibration points through-out the detector. Fits to their data have resulted in
the most advanced ice model [4]. The present calibration system however has several short comings, in particular little is known about the individual environment surrounding each DOM. The
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Objective

Measurement

#H1 Hole ice survey

Diffusion from bubbles and impurities
Scattering on hole /bulk ice interface
Shadow and reflections of cable
Scattering / light transition

#H2 Hole ice mapping
#H3 Cable position
#B1 Hole/bulk interface
#B2 Scattering and absorption lengths
#G1 PDOM orientation
#G2 PDOM geometry

Requirements for Camera System
Resolution Sensitivity Orientation
5 MP
0.1 lux
up
1 MP
1 MP
5 MP

0.1 lux
0.1 lux
0.001 lux

sidewise
up
sidewise

Light attenuation and scattering halo

5 MP

0.001 lux

sidewise

LEDs from adjacent string PDOMs
Triangulate positions, PDOM distances via separation angle

1 MP
5 MP

0.001 lux
0.001 lux

sidewise
sidewise

Table 1: Objectives of the camera system are listed in the first column and measurements in the second
column. Requirements for the camera system to carry out those measurements are given in columns 3-5,
based on preliminary calculations. Orientation describes if the camera would be facing sidewise or up.
Camera resolution in megapixels (MP) and sensitivities are estimated, in order to detect scattered light from
bright LEDs (2 cd) located in PDOMs on the same or adjacent string. Objectives are grouped by hole
ice studies (#H1, #H2 & #H3), light propagation in the bulk ice (#B1 & #B2), and geometry calibration
measurements (#G1 & #G2).

refrozen ice in the drill hole is not very well understood and there is good reason to expect that the
environment of each DOM could be significantly different. A low cost, high resolution on-board
camera system paired with a bright LED for illumination deployed on each PINGU DOM (PDOM)
could tremendously improve our understanding of the refrozen ice in the drill hole. It could yield
qualitative information valuable in interpreting other calibration measurements, such as the LED
flashers, and provide quantitative measurements of the ice properties.
A camera system inside two glass spheres at the bottom of IceCube string 80 (the last deployed
string) provides a precedent for the proposed system. The camera observed the formation of bubbles at the centre of the drill hole (referred to as bubble column) during the refreezing of the ice
from the outside inward [5]. The bubble column shows significantly reduced scattering length. Impurities settling on the surface of glass sphere of the camera were observed. However, information
about the ice and drill hole provided by the camera is limited to a small region where it is located.

2. Objectives and Goals
The main goal of the camera system is to study the properties of the refrozen ice, determine the
location and orientation of the PDOMs within the drill hole and survey the ice environment. A
variety of measurements could be performed, each of which comes with its own requirements
on camera positioning, sensitivity, field of view (FOV), resolution, and illumination options. We
describe the suite of potential measurements qualitatively and derive basic requirements for the
camera system to perform them.
(1) The camera system could monitor the freeze-in process of the strings of PDOMs deployed
after melting holes using a hot water drill [6]. Little is known about the refreezing process. For
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the measurement the camera would be operated at 0 C, and would preferentially be facing up or
sidewise. A high-resolution color camera could best identify impurities and monitor the freezein dynamics. Triboluminescence or the formation of cracks could potentially be observed. For
PINGU it has been proposed to degas drill water in an effort to reduce or eliminate the formation
of bubbles. The camera system could provide immediate feedback about water quality and the
effectiveness of degassing, including depth dependence of bubble formation.
(2) Surveying the completely refrozen drill hole is one of the highest priorities of the camera
system. If present, the system would survey and characterize the bubble column and identify
contaminants. The PDOM position (x-y) within the drill hole can be determined, as well as the
relative location of the bubble column, which could lead to a non uniform photon acceptance by
PMT. For the hole ice measurement it is most effective to have the camera pointing up and to have
a LED for illumination located adjacent to it on the same PDOM.
(3) Another objective is to study properties of the untouched or pristine ice (referred as ’bulk
ice’) between holes, and how light transmission is affected at the hole ice - bulk ice intersection.
The observation of a halo of scattered light from a LED on an adjacent string could be used to
study scattering, while the observation of the LED itself could be used to study attenuation. A
high-resolution, high-sensitivity black and white camera would be most desirable for this purpose.
(4) A camera system could also assist geometry measurements. By observing a LED, on the
adjacent upper PDOM, the relative orientation (around the z-axis) of the PDOM with an upward
facing camera can be determined. The orientation of a PDOM on an adjacent string could also be
determined through the observation of one or more LEDs on it, this would require a high resolution camera that could resolve individual LEDs on an adjacent PDOM. From the light pattern in
the captured image, one can determine relative orientation of the camera PDOM as well. Likewise,
a camera system facing up would capture scattered light coming from LEDs in the neighbouring
PDOM in the same string and studying the light pattern we can determine relative orientations between PDOMs and their positions inside the hole. The relative depth of PDOMs between adjacent
strings could also be determined. All these information would improve the geometry calibration of
the PINGU array, but would require precise alignment and placement of LEDs and cameras.
(5) Finally the camera system could be beneficial to survey the PDOM environment for anything unforeseen and also provide a way to check for any dynamic effects, which are not expected
after freeze-in.
Nearly all measurements benefit from a large FOV, making fisheye lenses the preferred option.
Further, PINGU’s hexagonal deployment pattern makes in necessary for sidewise facing cameras
to have a FOV of 60 to have at least one adjacent string visible. Cameras should preferably have
high resolution and good light sensitivity to observe LEDs on adjacent strings.
A schematic diagram of PDOMs in the hole ice along with probable camera positions are
shown in the Figure 1. A summary of objectives, measurements and requirements based on some
preliminary calculations are given in the Table 1.

3. Camera Design and Interface
The camera system would consist of one or more upward or sidewise facing cameras along with
one or multiple bright LEDs with a narrow beam angle (⇠20 ) as light sources. The camera system
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Figure 2: The minimum illumination required to observe an LED located in the neighboring PDOM in
the same string and at adjacent string are shown. The grey shaded area show the illumination for a CMOS
camera with at 1 s exposure time and CCD camera sensitivities as specified by the manufacturer for an
exposure time 1/60 s.

PDOM Main Board

Figure 3: Left : Camera modules currently being tested include CMOS sensors OV2715, OV5647 &
OV5653 and CCD sensors RJ2315DB0PB. Right : Block diagram for the camera interface.

would be either mounted on the PDOM main board or attached to the penetrator of the pressure
sphere for easy assembly. As shown in Figure 3, the camera module would be mounted on a small
(⇠ 40mm⇥40mm) Printed Circuit Board along with a MCU (Micro Controller Unit) for image
processing and communicate with the mainboard via SPI (Serial Peripheral Interface).
The camera system would remain in power saving mode during physics data taking and only
be activated for calibration runs. The targeted power consumption per the camera system during
operations is less than 1 W as the total power available per quad (4 PDOMs connected together) is
⇠2.5 W. While PDOMs (PMT) will be off during camera operations it is desirable to have multiple
cameras and LEDs active to minimize time for calibration measurements. Following image capture,
uncompressed images would be transferred to the PDOM mainboard and then through the IceCube
coaxial cable at 40kB/s per PDOM to the surface, where they would be saved for offline analysis.

4. System requirements
Various CMOS and CCD camera modules are considered as candidates for the camera system.
Currently we are studying three CMOS cameras & one CCD camera ( see Figure 3). All the
cameras have manufacturer specified operation temperatures down to -30 C. A lens with wide field
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of view can be mounted on the camera sensor. One of the requirements for the camera system is that
it has a low power consumption, which favours CMOS cameras (⇠ 0.3 W). Further CMOS sensors
are inexpensive and have high resolution. CCD cameras on the other hand have significantly higher
sensitivities, but also consume more power (⇠ 1.0 W) and have a lower resolution. The candidate
CMOS and CCD cameras have resolutions of 2 MP-5 MP, and 0.3 MP, respectively.
To minimise detector downtimes for calibration measurements, a camera with higher light
sensitivity is preferred. However, some measurements might require high resolution (if not limited
by image distortion in the glass sphere) and power constraints might favor the CMOS camera. For
the moment we consider both CCD and CMOS cameras as candidates.
Longer exposure times with the CMOS camera might achieve similar sensitivities to CCD
cameras. CMOS cameras are expected to be operated in their most sensitive settings if noise levels
are sufficiently low. The light sensitivity of a digital camera can be set through the ISO (International Standards Organization) number (i.e. higher number corresponds to higher sensitivity).
Figure 2 shows the required illumination at the camera to see a typical bright LED (⇠ 2-3 candela)
as a function of distance. The required illuminance to observe a LED on the neighbouring DOM in
the same string and in the adjacent string are around 0.1 lux and 0.001 lux respectively.

5. Camera measurements at the lab
We describe the camera performance measurements that will be our basis for the camera selection.
We have setup measurements to compare and characterize: (1) camera noise, (2) light sensitivity,
and (3) camera resolution and image distortion due to the glass sphere. Currently we have surveyed
one CMOS camera (OV5647) to develop the series of tests that will be used for camera selection.
Our current sample camera has 5 million pixels (2592 ⇥ 1944) and is currently operated through a
Raspberry Pi for convenience. We obtained raw images in Bayer format. A Bayer filter is a RGB
(Red, Green & Blue) color filter array on a square grid of photosensors. Each primary color red,
green & blue has 8 bits, which means counts will go in saturation at 255 counts.

Figure 4: Left: Mean noise count per pixel as function of temperature for OV5647 for ISO 800 and 6s
exposure. Right: The number of noisy pixels vs temperatures. Temperatures at depths 2000 m and 2500 m
are indicated with arrows.

Camera Noise : A low brightness camera measurement might be limited by intrinsic detector
noise, hence we characterise noise and stability under the expected conditions in the deep ice. We
measured dark noise at room temperature in a dark box and at low temperatures in a freezer. Images
were captured with exposure times of up to 6 seconds and for ISO 100, 400, and 800. Camera noise
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increases with exposure time and sensitivity setting (ISO value). At room temperature about ⇠ 1%
of pixels are noisy, showing one or more counts. The number of noisy pixels (both fixed pattern
and random) and average count per pixel decreases significantly with temperature (see Figure 4).
In the deep ice at 2500 m ( 20 C) to 1500 m ( 45 C) noise is expected to be sufficiently low.

Figure 5: [A] Setup to study image distortion due to the Benthosphere. Image without [B] and with [C]
Benthosphere. Red circles indicate the region where line patterns cannot be distinguished.

Image Resolution and Distortion: As the camera would be located inside the PDOMs pressure
glass sphere (Benthosphere), images are bound to be distorted. We measure image resolution under
normal conditions and through the Benthosphere. As the resolution measurement is subjective, we
are investigating different independent ways to measure it. As an example we show a test pattern
measurement shown in Figure 5. In the test pattern black and white lines originate in the center and
radiate outward. We captured images of the test pattern at 1 m distance from the camera with and
without the Benthosphere. The relative effect of image distortion can clearly be seen in image [C]
in Figure 5. The line pattern cannot be distinguished inside the red circles in plots [B] & [C]. As
the camera under test has a FOV of 60 , by measuring the diameter of the circle we can determine
the resolution. We find the resolution of the camera without the Benthosphere to be ⇠1.05 mm
(0.024 ) and with ⇠3.92 mm (0.10 ) at 1 m distance. The Benthosphere reduces the resolution by
a factor of 4. Optical gels or optimised positioning could reduce this effect. Further we note that
due to refraction in ice the angular resolution will improve by nice /nair ' 1.3 and a camera FOV of
60 will be reduced to 45 .
Sensitivity of the camera: To study camera sensitivity, we illuminate the camera sensor uniformly
(homogeneous within 5%) as shown in Figure 6. The camera is operated in different sensitivity
settings defined by the product of analog and digital gain. For OV5647 gains are auto adjusted if
the camera is near saturation. To increase the cameras dynamic range counts show a logarithmic
behaviour for large exposure times and illuminations. A linear behaviour can be seen for low pixel
count rates as shown in Figure 6. The pixel count rates determined at room temperature for 1 s
exposure are 158 ± 12 counts/lux, 78.4 ± 5.0 counts/lux, and 20.6 ± 0.5 counts/lux for ISO800,
400, and 100, respectively. We verified that count rates are independent of temperature, with
25 C being the lowest measured temperature so far. We compare the observed rates, S, with the
camera dark noise, N, to determine its sensitivity. We define the sensitivity as S/N⇠10. At 25 C
the N=0.001 counts, which results in a sensitivity of 6 ⇥ 10 5 lux at ISO800 and 1 s exposure. If we
require at least one pixel count an intensity of 0.006 lux is found. As seen in figure 2, the required
luminance to see a bright LED (⇠ 2 cd) in the neighboring string at 20 m distance is 0.001 lux.
Hence, LEDs on adjacent strings will be observable with few seconds exposure times.
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Figure 6: Pixel counts for uniformly illuminated sensor (left). Mean pixel counts for different camera
sensitivities as function of the light intensity (middle) and exposure time (right).

6. Conclusions
Low-cost high resolution cameras integrated with the optical module design for IceCube upgrades
would be tremendously helpful in understanding the ice environment of the sensors. The systems
could survey the refrozen ice in the drill hole, aid geometry measurements, and study ice properties.
Cameras could assist the effort to help reduce uncertainties on detection and light propagation in
the ice and hence help achieve PINGUs and IceCube-Gen2 physics objectives faster and even
benefit IceCube analyses. We have set up a framework to study cameras under conditions, similar
to those encountered in the ice, and reported results for camera candidate OV5647. Under idealised
conditions the camera is found to be sufficient to carry out the proposed measurements. We have
started ray-tracing simulations with GEANT4 to better determine camera system requirements and
will comprehensively compare different candidate modules. We are designing a prototype for
integration tests. In the future we will also consider stereoscopic camera pairs and expand tests to
include B&W cameras, that could be illuminated with RGB LEDs to compose color images.
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1. Introduction
High-energy neutrinos are unique in their ability to probe the extreme universe. Neutrinos
reach the Earth from the edge of the universe without absorption or deflection by magnetic fields.
They can escape from the deepest regions of cosmic accelerators where the highest energy cosmic
rays are created. While these properties give them advantages over other astrophysical messengers
such as photons and charged particles, their weak interactions make neutrinos very difficult to
detect.
Detectors searching for these astrophysical neutrinos are built by instrumenting large natural
liquid water or ice reservoirs to detect Cherenkov emission from the charged particles produced
when the neutrinos interact with matter in or near the detector. The deep ice of the Antarctic
glacier is host to IceCube [1], the first kilometer-scale neutrino observatory, which has recently
reported an observed astrophysical neutrino signal [2, 3, 4, 5]. Proposed next-generation deepwater-based detectors include KM3NeT [6] in the Mediterranean sea and GVD [7] in Lake Baikal,
both providing a complementary view of the sky to IceCube.
For an underground detector such
as IceCube, the primary background is
downward-directed muons created in cosmicray interactions in the Earth’s atmosphere.
These atmospheric muons trigger IceCube
at a rate of ∼ 3 kHz. Atmospheric neutrinos are collected at a rate of ∼ 300 per day,
have a mean energy of ∼ 1 TeV and form
an isotropic background in searches for astrophysical neutrinos. At energies in excess
of ∼ 100 TeV, the flux of atmospheric neutrinos is small, and upward-directed events
of higher energy are likely of astrophysical
origin.
Figure 1: Deposited energies of contained events obA robust method to identify neutrino
served in 4 years of data in comparison to predicevents is to distinguish events that start inside
tions. The hashed region shows uncertainties on the
sum of all backgrounds. Muons (red) are computed
the detector from those which enter from
from simulation to overcome statistical limitations in
the outside, which can be done for neutrino
our background measurement and scaled to match the
events originating from the entire sky. A
total measured background rate. Atmospheric neutrisearch using this veto technique has been
nos and uncertainties thereon are derived from models
successfully applied to 4 years of data from
of both the π, K and charm components of the atmothe IceCube detector [2, 8]. The 54 events
spheric spectrum that have been fitted to the observed
found with deposited energies ranging from
data [2].
30 TeV to 2 PeV clearly reflect a significant
observation of astrophysical neutrinos. The deposited energy distribution for this sample, along
with expected backgrounds and fits to signal hypotheses, is shown in Figure 1. An independent
analysis of the spectrum of upward going muons arising from neutrinos passing through the Earth
has confirmed the existence of the astrophysical component [9].
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These modest sample sizes of astrophysical neutrinos represent the "first light" in the field
of high-energy neutrino astronomy. With the present statistics, these astrophysical neutrino samples appear consistent with an isotropic, diffuse flux of neutrinos equally distributed between the
three neutrino flavors. Additionally, all searches for individual galactic and extragalactic source
candidates [10, 11, 12] have so far only resulted in upper limits.
The effectiveness of IceCube as a tool for neutrino astronomy over the next decade is constrained by the limited numbers of astrophysical neutrinos measured in the cubic kilometer array. In
this paper we present a vision for the next-generation IceCube neutrino observatory, the IceCubeGen2 high energy array, which is an expanded array of light-sensing modules that instrument a
∼ 10 km3 volume for detection of high-energy neutrinos [13]. With its unprecedented sensitivity
and improved angular resolution, this instrument will explore extreme energies (PeV-scale) and will
collect high-statistics samples of astrophysical neutrinos of all flavors, enabling detailed spectral
studies, significant point source detections and new discoveries.

2. Science Motivation
The observation of astrophysical neutrinos has raised as many questions as it has answered.
These include searches for the origin of these events, a full characterization of the flux, spectrum
and flavor composition of the neutrinos, searches for neutrinos arising from the GZK process,
searches for signals in coordination with other observatories and messenger particles, and improved
measurements of the cosmic ray flux that drives our primary backgrounds. A detector with a
significant increase in instrumented volume would aim to answer these questions.
With no indication of a steady point source in the current data, IceCube is increasingly sensitive to rare transient events, where observation of a multiplet of events in a short time can yield
a significant detection. Sensitivity gains to transient events grow quickly in a larger detector. A
next-generation neutrino observatory with 5 times the point-source sensitivity of IceCube and otherwise similar detector performance is predicted to have an increased sensitivity to transient source
densities and rates by about two orders of magnitude [14].
While spectral and flavor composition of the observed astrophysical neutrino events are consistent with a single power law and equal distributions between all neutrino flavors, better measurement of these quantities from an increased sample size would begin to probe the internals of the
cosmic accelerators that generate these events. The neutrino production mechanisms (p − p, p − γ
interactions, or neutron decay) and details of magnetic fields in the source region all leave their imprint [13, 15] on the observed event sample. Additionally, galactic and extra-galactic components
could be resolved independently.
Multi-messenger astronomy, the combination of observations of cosmic rays, neutrinos, photons of all wavelengths, and, in the near future, gravitational waves will represent a powerful opportunity to decipher the physical processes that govern the non-thermal universe. With its improved
sensitivity, IceCube-Gen2 will be a unique instrument to complement the next generation of telescopes. Neutrinos play a central role in multi-messenger astronomy, as they are an unambiguous
signature for the acceleration and interaction of protons and nuclei. IceCube already has a longstanding coordinated observation programs with several instruments [16, 17, 18, 19].
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The surface array IceTop [20] has proved to be a valuable component of IceCube. Accordingly,
the Gen2 high-energy array would include a surface detector near the top of each deployed string.
With a spacing of ∼250 m, such a surface array will provide a high-resolution measurement of
the primary spectrum from 10 PeV to above one EeV. Most importantly, with the larger aspect
ratio of the IceCube-Gen2 high-energy array the acceptance for coincident events seen by both the
surface array and the deep array increases by a factor of 40, from 0.26 km2 sr to ∼ 10 km2 sr. The
ratio of the signal of ∼TeV muons in the deep detector to the size of the surface shower will allow
an unprecedented measurement of the evolution of the primary composition in the region where a
transition from galactic to extragalactic cosmic rays is predicted [21].
Astrophysical neutrinos at high energies are separable from atmospheric neutrinos by searching for other particles produced in the extended air shower that gives rise to these backgrounds. If
high-energy neutrinos were produced in atmospheric air showers, they would likely be accompanied in the in-ice detector by muons produced in the parent air shower from which they originate.
For 1 PeV down-going atmospheric neutrinos, where the expectation is a few events per year, this
atmospheric in-ice self-veto would reject more than 99.9% of them by observing an accompanying muon in the deep detector in coincidence with the neutrino [22, 23]. Additionally, a surface
array can also act as a veto for cosmic-ray and atmospheric neutrino backgrounds to high-energy
neutrino searches in the deep detector. While IceTop provides a veto that covers only about 3%
of the southern sky, the larger aspect ratio of the high-energy array would provide veto coverage
to approximately 20% of the southern sky. Strategies are under study to extend the surface array
beyond the footprint of the array [24, 25].

3. Design of a Gen2 High Energy Array
IceCube-Gen2 would build upon the existing IceCube detector infrastructure, and would take
advantage of the very long absorption lengths found in the glacial ice at the South Pole to add
additional instrumentation with significantly larger string separation distances [26]. Building this
larger instrument would be achieved with a comparable number of strings used in the existing
IceCube detector, and would target neutrino energies above ∼ 50 TeV with high efficiency.
While detailed studies toward a final design are ongoing, several design considerations are
clear and understood. A detector sensitive to high-energy astrophysical muon, electron and tau
neutrino flavors requires the correct combination of instrumented volume and projected surface
area in all directions. This optimization is done by selecting larger string spacings, which increase
the energy threshold as the instrumented volume increases, and by the geometrical arrangement
of the deployed strings, which can trade detector instrumented volume for detector cross-sectional
area. Detection of neutrino-induced muon track events will scale with the detector cross-sectional
area, while the neutrino shower events produced by electron and tau flavors and neutral current
interactions will scale with instrumented volume. Angular reconstruction performance, energy
resolution and veto efficiency to astrophysical events are key metrics in the design study.
The most important aspect of a larger instrument in the glacial ice are the optical properties of
the ice, in particular, the absorption length for Cherenkov photons. Typical absorption lengths are
between 50 m and 200 m in the upper half of the detector, and often exceed 200 m in the lower half.
Although the optical properties vary with the layered structure of the ice, the average absorption and
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scattering lengths dictate the distance by which one can space strings of sensors without impacting
the uniform response of the detector. Early studies indicate that spacings of ∼ 240 − 300 m are
acceptable while maintaining high efficiency to astrophysical neutrinos.

Expanded(region(of(instrumented(ice:(1270(m(
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The optical properties of the glacial ice
prevent us from using optical modules at
depths much shallower than the current instrumented range used by IceCube (with
instrumented depths between 1450m and
2450m). Measurements of the depth dependence of the absorptivity of the Antarctic ice,
Fig. 2, indicate that we will be able to extend the strings by ∼ 250 m, leading to an
increase in the geometric area for horizontal
track events and therefore a 25% increase in
effective area for such events.
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To investigate the sensitivity of a larger
detector, several benchmark geometries have
been evaluated in software simulations, and
are shown in Figure 3. These benchmark
Figure 2: Absorption length in the glacial ice vergeometries use a non-regular grid pattern to
sus depth [26]. Note the layer of high dust concenavoid symmetries that deteriorate acceptance
tration starting at about 2000m depth. The ice above
and resolution for muon tracks. They are
and below that layer is very clear. The current instrucompared to the IceCube detector in its commented depth range used in IceCube and an extended
pleted 86 string configuration, and are used
string length, adding about 260 m to each string are
to scale sensitivities to a 10 km3 instrument.
indicated. Note that not all simulations shown in this
The projected areas of some of these geomereport have been performed with the extended string
length.
tries considered are compared to IceCube-86
in Figure 4. As the detector volume grows in
these geometries, the exposed area increases and reaches up to ∼ 10 km2 area, substantially larger
than the IceCube area.
For point source searches, which rely on muon tracks produced by charged current interactions
of muon neutrinos in or near the instrumented volume, the sensitivity increases with the projected
cross sectional area relative to source direction. At the energies of interest for astrophysical neutrino
searches, these muons have ranges that routinely exceed 10 km, greatly extending the sensitivity of
these searches. Point source sensitivities will scale approximately with the square-root of the increase in cross sectional area and linearly with the improvement in angular resolution. In scenarios
where the atmospheric backgrounds are negligible (e.g. short transients or searches for sources of
very high-energy neutrinos), sensitivities are expected to scale nearly linearly with cross sectional
area.
These benchmark geometries have been used to study the potential gains in point source sensitivity. Improvements in track angular resolution and overall point source sensitivity will be presented at the conference.
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Figure 3: Example benchmark detector string layouts under study. Each expands about IceCube by adding
120 strings constrained to the South Pole “Dark Sector” (shaded in light green). For the left panel, uniform
string spacing of ∼ 240 m is shown, and benchmark samples for ∼ 200 m and ∼ 300 m are also considered.
The instrumented volumes are 6.0 km3 , 8.0 km3 , and 11.9 km3 respectively. The panel on the right represents
a string layout with a denser edge weighting, where edge strings are spaced at ∼ 125 m, while interior strings
are spaced at ∼ 240 m, with an instrumented volume of 6.2 km3 .

A search for electron or tau neutrino
interactions depends on observation of an
electromagnetic or hadronic cascade resulting from the interaction of the neutrino with
nucleons inside the instrumented volume.
These neutrinos generally interact with nucleons in the ice via deep-inelastic scattering
processes, but at Eν ∼ 6.3 PeV the resonant
formation of an on-shell W − -boson, the socalled Glashow resonance [27], enhances the
the cross-section for electron-antineutrinos.
The resonance would be observable mostly
as a peak in the cascade energy spectrum,
and serves as a key tag for neutrino flavor in
a larger detector. Benchmark detectors show
increased rates proportional to the volume
gains, with factor of ∼10 gains in observable
Glashow resonance events. Given the similar
event signatures for tau neutrinos, the same
event rate gains in the larger detector are also
found for tau neutrino events [13].

Figure 4: Instrumented area as a function of IceCube
zenith angle for all benchmark configurations. To determine the geometric area, the detector volume containing all optical modules has been extended by 60 m
on all sides. The figure legend also shows the instrumented volume of each detector, again with an extension of 60 m at the sides, top and bottom.

4. Realization
The proposed IceCube-Gen2 high-energy array is envisioned to be the major element of a
planned large-scale enhancement to the IceCube facility at the South Pole station. Members of the
IceCube-Gen2 Collaboration are working to develop proposals in the US and elsewhere that will
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include this next generation IceCube high-energy neutrino detector and the PINGU sub-array [28]
that targets precision measurements of the atmospheric oscillation parameters and the determination of the neutrino mass hierarchy. The facility’s reach may further be enhanced by exploiting
the air-shower measurement and vetoing capabilities of an extended surface array [24, 25] and
potentially a radio-pulse neutrino detector to achieve improved sensitivity to neutrinos in the 1016 1020 eV energy range, including GZK neutrinos.
A key for the successful scientific operation of IceCube has been the excellent reliability of
the Digital Optical Modules (DOMs), hot-water drilling, DOM deployment operations [29] and
data systems [30], which have resulted in stable data taking at more than 99% uptime. The instrumentation and drilling systems for IceCube-Gen2 closely follow the demonstrated IceCube
technologies, with targeted improvements for overall performance and new capabilities. While the
IceCube-Gen2 baseline DOM [31] keeps the robust structural elements of the IceCube DOM, a
modern, more powerful set of electronic components are included into the design. In addition,
DOM designs that utilize two large PMTs per DOM [32], multiple small PMTs per DOM [33], or
wavelength-shifting and light-guiding techniques [34] are also being studied. The Enhanced Hot
Water Drill design focuses on a modular system that will operate with higher efficiency and require
less maintenance in routine operation. Both the instrumentation design (DOM, cable and readout)
and deployment (EHWD) are shared with the PINGU low-energy array as part of the IceCube-Gen2
infrastructure, providing significant reductions in cost and enhancing flexibility.
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IceCube’s sensitivity both towards high and low neutrino energies. In addition to upgrading the
proven IceCube design, new optical sensor concepts are explored which have the potential to substantially enhance the performance of IceCube-Gen2. One concept is the multi-PMT optical module which, in contrast to the “conventional” layout with a single 10-inch photomultiplier (PMT),
features 24 3-inch PMTs inside a pressure vessel. This design results in several advantages such
as increased effective area, improved angular acceptance and better directional sensitivity. The
layout is based on the proven design of the KM3NeT optical module which is now being adapted
and enhanced for the use in the deep ice. We present the current state of the hardware developments as well as first simulations investigating the impact of multi-PMT modules on detector
performance.
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1. Multi-PMT concept
Currently operating large volume neutrino telescopes, namely IceCube [1], ANTARES [2] and
BAIKAL [3], are composed of optical modules with a single large photomultiplier tube (PMT).
The IceCube DOM, for instance, consists of a 13-inch glass sphere housing a 10-inch Hamamatsu
R7081-2 PMT [4] a µ-metal cage and digitization electronics [5]. In contrast, a multi-PMT optical
module, first developed for the KM3NeT neutrino telescope, houses an array of several small PMTs
and their read-out electronics [6]. One of the main drivers for the development was the reduction of
the number of costly and risky underwater connectors present in the ANTARES design. However,
the approach has a number of other attractive advantages compared to the conventional design at a
similar overall price per photocathode area:
• Increase of photocathode area: The photocathode area of ten 3-inch PMTs roughly corresponds to that of one 10-inch tube. Thus a multi-PMT DOM containing several tens of
3-inch PMTs is equivalent to several conventional IceCube optical modules.
• Superior photoelectron counting: The number of photoelectrons can be more directly derived from the number of hit PMTs compared to the extraction from a multi-photoelectron
signal waveform.
• Improved angular acceptance: With the distribution of the photocathode area across the
total solid angle, a near homogeneous 4π coverage can be achieved (see Fig. 3).
• Directional sensitivity: The orientation of the hit PMT carries information on the direction
of the incoming photon that can be used in the reconstruction.
The hardware functionality and physics capability of the multi-PMT concept have been demonstrated in-situ with the deployment and operation of KM3NeT prototypes in the Mediterranean [7].
As its properties give the multi-PMT module the potential to significantly enhance the performance
of future neutrino detectors, it is, together with the WOM [8] and the D-Egg [9], one of the new
optical sensor concepts under investigation for the IceCube-Gen2 project [10].

2. Prototype development for IceCube-Gen2: The mDOM
2.1 Hardware design
The adaptation of the multi-PMT layout for a deep-ice environment benefits from the research
and development made for KM3NeT, in particular from the availability of suitable three-inch PMTs
and corresponding low-power high voltage circuitry. However, the use in deep ice requires a major
redesign of the pressure vessel. The constraints of using the currently available drilling technology
and avoiding significant increase of costs limit the module diameter to approximately 14 inches
(∼ 356 mm) while the sensitive area of the module would benefit from an increase in diameter.
As a trade-off, the form will slightly diverge from that of a perfect sphere in order to maximize
the number of PMTs per module resulting in two 14-inch hemispheres with cylindrical extensions
of a few centimeters (see Fig. 1). Given the dimensions of currently available PMT prototypes,
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Figure 1: Left: Technical drawing of a mDOM hemisphere. Dimensions are given in mm. Right: Artist’s
impression of the planned mDOM highlighting the main components. The black holding structure in the
bottom hemisphere is omitted in the upper hemisphere to better illustrate the internal components and arrangement.

each hemisphere will be able to house twelve 3-inch PMTs. A crucial requirement on the vessel
stability is imposed by the in-ice ambient pressure. IceCube measurements indicate that during refreezing of the water column the vessel has to sustain a pressure of up to 700 bar (∼ 10, 000 psi). As
corresponding glass housings are currently not commercially available, negotiations with a glass
manufacturer (Nautilus GmbH) are under way to develop a suitable design for the project. For
positioning of the PMTs and auxiliary equipment inside the vessel a supporting structure has been
designed. First prototypes were produced from polyamide (type PA 2200 [11]) using laser sintering by a commercial company. For mass production, alternative, more cost-effective production
methods are also taken into consideration.
2.2 Photomultiplier tubes
At present two companies (Hamamatsu1 , ET Enterprises2 ) provide 3-inch PMTs3 for KM3NeT
which are also considered for the use in the IceCube-Gen2 module. These were optimized to fit
predefined requirements (see [12]). An excerpt of the achieved performance is listed in Tab. 1. For
details on test procedures see [13] and [14]. For prototyping, R12199-02 PMTs by Hamamatsu
will be used. However, with its bigger photocathode diameter and shorter tube length, the type
D792KFL PMT supplied by ET Enterprises is also well suited for the use in the project. Further
1 http://www.hamamatsu.com/us/en/index.html
2 www.et-enterprises.com
3 The

diameters of the originally available 3-inch PMTs (∼ 76 mm) have been increased by the manufacturers: to
80 mm for the R12199-02 by Hamamatsu, and to 86 mm in the case of D792KFL by ET Enterprises.
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candidate PMTs might become available from HZC4 (producing 3-inch PMTs since mid-2013)
and MELZ5 (prototype presented in April 2015). However, the results of tests performed on initial
HZC specimen do not meet with the KM3NeT requirements yet, especially concerning dark rate
[15]. Technical modifications of PMT characteristics can be considered once specific requirements
are defined for IceCube-Gen2, e.g. lower values are desirable for the dark rate in order to take full
advantage of the low background environment in the deep glacial ice.
The utilization of hemispherical PMTs attached to the inner surface of a spherical pressure
vessel with lower curvature results in significantly increased mean thickness of gel traversed by
the photons arriving from high inclinations which leads to losses due to absorption and reflection.
Furthermore, as thick gel layers are costly, in practice the holding structure would be constructed
such that it shadows these photons thereby reducing the effective area. Therefore, reflectors in the
form of hollow cone rings are used (see Fig. 1, right). These reflector rings, cut and formed from
coated aluminum sheets (ALMECO V95100, [16]), redistribute the angular acceptance from high
to low inclinations (see Fig. 2) thus increasing sensitivity of the PMTs in the central ±50◦ direction
by about 30%.
The polarity of the high voltage applied to the PMT is a major decision. A PMT can be operated either with its photocathode at negative high voltage and the anode at ground potential (negative polarity) or, in the case of positive polarity, the cathode is grounded and the anode connected
to positive high voltage. Both approaches come with their respective advantages and limitations:
While the output of a PMT at negative polarity can be directly fed into read-out electronics, positive
polarity demands galvanic separation of the anode (e.g. using a capacitor) which affects the quality
of the output. On the other hand, a photocathode at high negative potential promotes increased and
unstable dark rates. This effect is more pronounced if objects at ground potential are placed near
the PMT, in particular near the photocathode area, like the metal reflectors in case of the mDOM.
Long-term measurements have shown that optical gel covering the photocathode area significantly improves the stability of the dark rate. Whether the gel is sufficiently effective for use of
negative high voltage polarity in the mDOM without losing the advantage of low environmental
background in IceCube is currently under investigation. Also under investigation is noise reduction via “HA coating” [17] as proposed by the PMT manufacturer. In this configuration, the outer
surface of the PMT outside the photocathode area is coated with conductive paint connected to the
photocathode potential and sealed with an insulation layer. Two specimen of such coated PMTs
were acquired for performance tests. First measurement show a positive effect on the dark count
rate and its stability.
quantum efficiency (at 404 nm)
quantum efficiency (at 470 nm)
transit time spread

∼ 27 %
∼ 22 %
FW HM < 5 ns

supply voltage
dark rate (at 20◦ C)
peak to valley ratio

< 1400 V
0.2 − 1.5 kHz
>3

Table 1: Current performance examples of PMTs used for KM3NeT multi-PMT optical modules (selected
from [6]). Some requirements have been updated in the course of the development. For original values see
[12].
4 http://www.hzcphotonics.com/en_index.html
5 http://www.melz-feu.ru/
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Figure 2: Angular acceptance of a single Hamamatsu
R12199-02 PMT in different configurations. The effective area values were calculated normalizing the
measured relative signal amplitudes to the geometrical
photo-cathode area for perpendicular incidence. The
measurement was performed for a bare PMT (triangle) and a reflector equipped PMT mounted on a holding structure (circle). Effective areas from a Geant4
simulation of the two setups (grey: bare PMT, orange:
PMT with reflector) are shown for comparison. Error
bars indicate the statistical uncertainties. Simulation
is described in section 3.1.

photon incidence angle [°]

2.3 Electronics development
The baseline data acquisition aims at providing information equivalent to the current single
PMT technology, enhanced by the pattern of the hit distribution across the PMTs. This leads to a
dual digitization approach: On the one hand, the waveform from the sum of the individual PMT
signals is digitized. It is unfolded into single photoelectron pulses using a corresponding template
waveform. This information can be used to recover the original signal shape. On the other hand,
the individual waveforms produced by the PMTs are converted to a time-over-threshold (ToT) step
function at the base (via base-borne ASICs or discrete components). The ToT signals are sent to the
main logic board, featuring an FPGA and a synchronized clock with a TDC unit, for digitization
providing additional time-stamped ToT information for each PMT. Alternative approaches under
investigation are extraction of multiple ToTs, local digitization at the base using very fast comparators or the measurement of the pulse maximum during the above-threshold state to discriminate
between single high-amplitude signals and multiple low-amplitude pulses arriving in quick succession. Final decisions on the read-out technique will also consider the available data bandwidth of
about 1 MBit/s and a total power budget of less than 4 W per optical module. A corresponding lowpower active PMT base, including front-end readout electronics, is currently under development.

3. Simulation efforts
3.1 Angular acceptance
The angular acceptance properties of the module were investigated using a Geant4-based [18]
Monte-Carlo simulation of the “effective sensitive area” as a function of photon incident angle and
wavelength. The mDOM as modeled in Geant4 includes the glass vessel, a gel infill and reflective
cones with their respective optical properties (refractive index, absorption length and scattering
length) as well as a totally absorbing PMT holding structure. The PMT model consists of a solid
glass bulb containing the photocathode. The rear of the photocathode half-ellipsoid is shielded
against photons with a totally absorbing disc. The mDOM is placed in ice with the appropriate
refractive index and infinite absorption and scattering length. In the current setup, photon propaga-
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θ = 0o

310 nm

320 nm

470 nm

380 nm

θ = 180o

Figure 3: Left: Hammer projection of the mDOM photon acceptance represented as effective area as
a function of direction of the incident photons in zenith angle (θ ) and azimuth (φ ). Values are shown
for different original photon wavelengths obtained from a Monte-Carlo simulation based on Geant4. The
module was oriented as shown in Fig. 1 with vertically down-going photons corresponding to θ = 0◦ . Due to
the symmetry in the orientation of the PMTs inside the module each of the shown quadrants is representative
of the total solid angle for the respective wavelength. For model details see section 3.1 Right: Wavelength
dependence of the mean mDOM effective area. Values were obtained averaging solid angle weighted MonteCarlo results over 4π. Statistical errors are calculated to be smaller than data points.

5

tion stops at the surface of the photocathode where the photon is registered neglecting the effects
of the inner structure of the PMT (such as back-scattering of photons). The impact of the PMT’s
quantum efficiency is not included. A plane uniformly radiating parallel optical photons in normal
direction (λ between 300 and 470 nm, N = 106 per direction) is rotated around the module uniformly sampling the azimuth and zenith angles. The total fraction of photons reaching one of the
photocathodes multiplied by the area of the radiator corresponds to the effective sensitive area of
the module for a given direction equal to the normal of the plane. At the moment, the simulation
was performed for R12199-02 type PMTs only. Results are shown in Fig. 3. The obtained distribution of the effective area features homogeneous coverage of the total solid angle. The dependence
on the photon wavelength is dominated by the transmittance of the glass vessel. For means of
comparison, a standard IceCube DOM was also simulated using the same approach showing an
increase of the average effective area of the module by a factor of 2. To assess the validity of
the model, it was also used to reproduce a lab measurement of the angular acceptance of a single
PMT with and without a reflective cone (see Fig. 2). The glass vessel was removed and ice and
gel were replaced by air to reflect lab conditions. Simulation and measurement do agree well, with
maximum discrepancies below 5 %. Reasons for the remaining differences are under investigation.
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3.2 mDOM detectors
In order to assess the impact of mDOMs on the performance of future high and low-energy detectors, a corresponding module was implemented in IceTray [19], the standard IceCube simulation
framework. In this simulation, charged particles from the neutrino interaction are propagated with
Geant4 which handles the energy loss and the production of Cherenkov radiation. Subsequently,
the resulting Cherenkov photons are individually propagated through the ice taking into account
the inhomogeneity of the ice properties (clsim6 was used for photon propagation, ice properties
modeling described in [20]). Photons arriving at the surface of an optical module are stored. Propagation inside the module is performed via a simple ray tracing code neglecting refraction. A hit
is registered when a photon intersects a PMT represented by a flat thin disc featuring the angular acceptance of a PMT with reflector as measured in the lab. As a further refinement, a signal
waveform generator based on measured PMT characteristics will be added.
At present, the simulation is a 40 string detector geometry featuring 22 m string spacing and
a vertical distance of three meters between the mDOMs. The same setup was also simulated using
single PMT optical modules. For means of assessing the gain achieved for low-energy (few GeV)
neutrino events in such detectors the total number of PMT hits for both detectors was calculated
yielding a factor of ∼ 2 more hits for the mDOM detector which is in good agreement with the
increase of effective area per optical module discussed in section 3.1. Simulations of high energy
neutrino detectors and a potential future megaton-scale detector with sensitivity to events at and
below the MeV range for proton decays and supernova neutrinos are in preparation.

4. Current project status and next steps
The design of the pressure vessels is being finalized and first specimen are expected to be
available in late 2015. 3-inch PMTs from Hamamatsu are available and will be used in mDOM
prototyping. A low-temperature (down to −70 ◦ C) test bench has been set up to measure PMT and
optical module properties crucial for the use in the deep ice such as the dark rate and background
form radioactive decays in the glass in conditions closer to final application. Work on the design of
the PMT base incorporating a pre-amplifier and time-over-threshold signal generation is in progress
and options for the summation electronics and integration into the IceCube-Gen2 DAQ are being
investigated. Simulations currently undertaken address the properties of the module itself as well as
the impact of the utilization of mDOMs on the performance of IceCube-Gen2 and a potential future
megaton sub-GeV neutrino detector which are expected to benefit from the increased effective area
and superior information on the recorded photons.
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1. Introduction
With the recent observations of TeV astrophysical neutrinos and very competitive measurements of atmospheric neutrino oscillations, there is interest in adding onto the IceCube detector to
increase its acceptance by a large factor. IceCube’s Digital Optical Modules (DOMs) were quite
successful and form the basis of the design for a new generation (Gen2) DOM, taking particular advantage in improvements in fast, low power digitizers and programmable logic while retaining the
proven overall design of the first generation DOM and many of the remaining available parts. The
Data Acquisition (DAQ) system consists of the hardware modules that read the DOM data after cable transmission, and aggregate that data onto Ethernet for online (software) triggers and filters that
can request detailed readouts of the DOMs through the same hardware. The Gen2 surface hardware
readout system will be backwards compatible with the original IceCube DOM readouts, but will
be able to be deployed either indoors or outdoors at the top of the detector strings. Additionally, a
major design goal will be a decreased physical footprint in the surface building.
PINGU and the High Energy Array extensions to IceCube have decidedly different physics
goals, but will have a nearly uniform hardware implementation at the DOM level[2, 3]. Detector
module spacing and triggering allow for the vastly different physics objectives. With the common
design elements, an overall philosophy of Gen2 IceCube DOM and DAQ development is to keep
as much commonality as possible, keep as much of the IceCube hardware heritage in place, but
gain from electronics developments in the decade since the IceCube hardware design was frozen.
Research and development for the Gen2 detector elements has been progressing over the last year
and a half or so, and now has hardware samples of much of the detector signal chain, though in
lab-only physical formats, and with some of the elements yet to be implemented. Near future
development will continue with the goal of increased integration and the ability to have reasonable
detector hardware in hand ahead of, and in support of, a funding proposal.

2. Digital Optical Modules
The IceCube DOM evolved from the earlier AMANDA analog optical module with primary
goals of high-reliability, accurate waveform digitization, and flexibility in surface readout [1]. The
primary design differences between first and second generation DOMs are highlighted in Fig. 1.
The analog delay required for the first generation digitizer is eliminated, and there is an overall
simplification and consolidation of the electronics, while the mechanicals remain very faithful to
the original proven design.
High level requirements for the DOMs include a sampling rate of >160MSaps in order to
adequately digitize the PMT pulse, data transmission rate of greater than 1 Mbps, absolute time
discrimination on the order of 1–2ns, power consumption of <4W (IceCube actual) and ideally
<2W per DOM, and dynamic range to cover from at least 1/25 of a single photoelectron (SPE) up
to about 425 SPE for PINGU (perhaps higher for the high energy extension). The dynamic range
available is being investigated including the possibility of dynamic pulse compression.
The overall system architecture of the Gen2 DOM is shown in Fig. 2. In all cases, we show
the baseline hardware design in this paper; however, there are alternate technologies, chip selections, and firmware paths under investigation with final trade studies to take place through system
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Figure 2: Block diagram of the of the Gen2 DOM mainboard.

and subsystem reviews. The 10” High Quantum Efficiency (HQE) photomultiplier tube (PMT) is
readout through an analog front end that shapes the signal, performs anti-alias filtering, centers the
unipolar PMT pulse into the bipolar ADC window, and drives the input of the digitizer. The PMT
remains the same as used in IceCube ([6]), the Hamamatsu R7081-02. Alternate arrangements
of smaller PMTs ([7]), dual PMTs with high transparency windows ([8]), or custom-constructed
wavelength-shifting optical modules ([9]) are also under consideration, though they too would couple into a DAQ architecture similar to what is presented here.
The digitizer is an ADS4149 250MSaPS pipelined ADC drawing about 250mW of power
while continuously sampling the analog waveform with 14 bit (11.2 ENOB) resolution. This dynamic range is somewhat smaller than the 1/25 SPE to 425 SPE high-level requirement listed above.
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This tension is under investigation with possible solutions including dual channels (high and low
gain or anode and deep dynode tap), analog signal compression, or a loosening of the requirements.
This is a deadtime-free system with the local triggering based on the digital output of the ADC.
The FPGA takes the continuous waveform data and allows flexible triggering based on a simple
voltage threshold or a number of samples over threshold. For IceCube-Gen2 array use we plan
compression and/or feature extraction of single, and perhaps multiple, photoelectron hits within
the onboard programmable logic.
A second version of the Digitizer Daughter Card (DDC2, see Fig. 3) for lab testing has been
produced and is being operated in concert with a commercial evaluation kit for the FPGA chosen
for this design. The readout noise for the combined analog front end and digitizer is consistent with
the specification sheet for the ADS4149 (see Fig. 4) with intrinsic RMS noise of just over one bit.
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Figure 3: The prototype Digitizer Daughter Card
(DDC2).
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Figure 4: Baseline ADC readout in the
DDC2 (terminated).

As an alternative to the commercial PMT high voltage supplies tested for and used in the
IceCube DOM, we have designed a prototype custom high voltage supply based on the UMHV
ultra-miniature HV supply from HVM Technology (see Fig. 5). Power consumption ranges from
90 to 180mW depending on output voltage (75MW load). Stability and ripple characteristics are
still under investigation.
Communications and absolute system timing are conducted over a minimum of 1.5km (top of
the array to the surface) up to a maximum of 3.5km (in IceCube, from 2.5km depth and across the
array) of copper quads. The timing system (RAPCAL) is carried over from IceCube and consists of
reciprocal transmission and reception of test pulses coordinated with GPS timing at the surface [1].
Communications consist of dedicated logic-controlled ADCs and DACs, and are discussed below.
Figure 6 shows a block diagram representation of the firmware which was developed to readout the DDC. The ADC-FPGA Interface module divides the incoming Double Data Rate (DDR)
250 MSaPS ADC data stream into four parallel Single Data Rate (SDR) streams, each running
at 62.5 MSaPS. Dividing the data stream in such a way allows the design to easily meet all synchronous timing requirements, while making only modest tradeoffs in resource utilization and de-
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Figure 5: Prototype high voltage supply (HVS) daughterboard.
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Figure 6: Block diagram for the DOM firmware.
sign complexity. The Trigger and Pipeline module examines the data stream for the occurrence of
any of a number of user-programmable trigger conditions, signaling the ADC FIFO Control module to begin filling the ADC FIFOs with event data when the active trigger condition is satisfied.
A 48-bit timestamp generated by the Local Time Counter module is also stored with each event.
Data on the output side of the ADC FIFOs is sequentially re-ordered by the Processor Event FIFO
Control module and presented to the FPGA’s processor for formatting and transmission to the user.
The DOM design also allows for ancillary sensor systems (provided they are low average data
rate) such as cameras for inspecting the refrozen hole ice near the detector, acoustic sensors for 3Dimaging of ice fracturing, or novel radio detector systems (e.g., [4]). This general interface includes
5VDC, 100mW power and an SPI or I2C local communications protocol along with handling of
data through the remainder of the DAQ.
The DOMs are to be permanently embedded into the South Pole glacial ice, so their long-
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term reliability must be high. The IceCube DOMs had a better than 99% survival rate in the ice,
with the small number of failures typically occurring during or shortly after deployment. We will
follow the program of extensive design verification and testing at the component, subsystem, and
system levels. Most passive components are of automotive or military reliability specification. For
example, the high voltage modules have been deployed in about 100,000 night vision goggle units
used worldwide in a wide range of environments. Whenever possible, proven components and
processes will be used.

3. Data Acquisition (DAQ)
The readout of the DOMs consists of two layers: a hardware DOM communications board with
power and timing, and the computers that construct the triggers, filter data, and archive events. We
focus on the DOM communications hardware, which in IceCube consists of a PCI interface and
communications card (DOR) hosted with other DOR cards in a DOMHub that also includes the
downhole power supply, timing connection, and a networked single board computer. The Gen2
design is backwards compatible with IceCube to allow for the replacement of the DOR/DOMHubs
in time for both power savings and a smaller footprint in the IceCube Laboratory (ICL).
The communications for the Gen2 design are handled with a Communications Daughter Card
(CDC); see Fig. 7. The essential features of the communications channel are the arbitrary firmware
definition of the in-channel encoding supported by protection circuitry, DC bias for DOM power,
and general purpose ADCs and DACs bridging cable distance. Full duplex power consumption for
this circuit is less than 200mW which is less than a sixth the power of a typical (AD9869) modem
chipset. Multiple CDC boards would live on a carrier card (backplane) with shared power supplies
(CDC and downhole DOM), GPS timing connection, and mechanical mounting. See Fig. 8 for a
CDC1,
topmatched
side up with the new CDCs.
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Figure 7: The Communications Daughter Card (CDC) prototype board.

4

In addition to compressing the physical layout of the DOM readout electronics which is important if O(100) strings are added to the IceCube detector to avoid dramatic increases in counting

67

M. A. DuVernois1

IceCube Gen2 DOM and DAQ

Figure 8: Readout architecture supporting a string of DOMs on a single card.
house space, strings at a significant distance from the counting house can be better managed with
a String-Hub which resides outdoors (in an insulated vault) near the top of the string. For such
remote installations, data transfer will be over fiber-based Ethernet and timing maintained through
the use of the White Rabbit ([10]) protocol to the top of the string and RAPCAL down the string.

4. System Construction, Integration, and Deployment
The IceCube DOMs were built and tested at three distinct production facilities (DESY, Stockholm, and UW-Madison) ahead of shipment to the South Pole. All DOMs received extensive
end-to-end testing including thermal stress and thermal soak in the Northern Hemisphere. DOMs
will be transported in custom boxes that enable easy cable connections without removing the housing from the box. Final testing is performed before unpacking and preparations for deployment.
Nonconforming materials are shipped back to the north for possible repairs.
Optical modules are deployed off of a custom Ericsson built cable consisting of cable quads,
strength member, and outer jacketing. For the higher density PINGU strings, some differences
in attachment method are foreseen. Fig. 9 shows a comparison of the mechanical string/cable to
DOM mounting hardware. The mounting approach, with the string temporarily relaxed during
DOM connection, also allows for the attachment of “special devices,” non-DOM detector elements
which might include, for example, direct dark matter detectors or ice optical propagation study
devices (e.g., [5]).

5. Conclusions
Gen2 IceCube DOMs and DAQ components are well past the conceptual design stage and
hardware is being prototyped and tested. These efforts aim to shorten the development time line
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Figure 9: Current and planned DOM mounting strategies.
for both PINGU and the IceCube High Energy Array detector systems, leveraging prior successful
developments while also taking advantage of more recent electronics developments.
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1. Introduction
The IceCube observatory [1] consists of 5160 photomultipliers deployed in depths between
1450 m and 2450 m into the Antarctic ice cap (deep detector, see Figure 1). IceCube reconstructs
the trajectory of charged leptons produced during high-energy neutrino interactions in the surrounding ice via the emitted Cherenkov light. Recently published results show that IceCube has
Surface"Lab"
50"m"

IceTop"
IceCube"

1450"m"

Deep"Core"
2450"m"
2820"m"

Dr.$Jan$Auﬀenberg$
2"
ERC'2014'STG'APPLICATION"Interview"
Figure 1: Artists view of IceCube
and the IceCube-Gen2
detector with an extended surface array.

measured an astrophysical neutrino flux with high significance, however, no evidence for a point
source has been found yet [2]. Above about 100 TeV neutrino primary energy, the measured diffuse
flux dominates the background of cosmic-ray-induced neutrinos and muons. One main task for the
next-generation detector, IceCube-Gen2, will be the detection and high-quality reconstruction of a
sufficient number of neutrinos for astronomical observations and a measurement of their spectrum
with high precision (see also [3]).
The main backgrounds for extraterrestrial neutrinos are cosmic-ray induced particles produced
in the atmosphere. One way to suppress some of these backgrounds is to select particles coming
from the northern hemisphere, as charged particles are absorbed by the Earth. Thus only neutrinos
(both astrophysical and atmospheric) reach the detector. In the southern hemisphere, the cosmicray-induced muon background dominates the neutrinos detected in IceCube because high-energy
muons penetrate the several km overburden of ice above the detector. However, the corresponding
cosmic-ray-induced air showers can be detected with a dedicated air shower array at the surface
[4]. Such a surface detector can be used to veto the cosmic-ray-induced muons reaching the deep
detector and is to some extent able to suppress even the atmospheric neutrino background. In
fact, IceTop, an array of instrumented ice tanks located above IceCube, is already used in several
analyses to suppress the atmospheric background, thereby increasing the sensitivity of IceCube
for astrophysical neutrinos in the down-going region [5, 6, 7]. Another well-established way to
distinguish the cosmic-ray-induced background from astrophysical neutrinos is to use the outer
optical modules of the deep detector as veto [8]. Figure 2 shows the zenith distribution vs the
energy deposit of the events in the deep detector found with this technique in four years of IceCube
data using such a veto [2]. The corresponding event selection has two main features.
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First, it selects about 3.5 times more events with a dominating hadronic or electromagnetic
cascade than events with a clear single muon track because most of the neutrino interactions do not
produce elongated tracks. Second, IceCube does not detect any neutrinos with high light deposit in
the up-going region (upper right corner of Figure 2), due to the neutrino cross section that grows
with increasing energy. This shows that the detection of very high energy astrophysical neutrinos
is limited to events that are down-going.
A veto at the surface of IceCube follows the idea to select starting events, but uses a surface
detector to identify cosmic-ray-induced signals. As a result, one can also detect events that started
in the volume between the deep detector and the surface array.
The advantages of detecting with a surface veto more high-energy astrophysical neutrinos
containing a larger fraction of high-energy νµ -induced tracks are described in section 2. Here, we
discuss different motivations for surface extensions that lead to different possible configurations. In
addition, different technological approaches for a cosmic-ray veto on the surface are summarized
in section 3.

2. Motivation for surface detectors as veto for cosmic rays for IceCube-Gen2
The idea for a surface veto is to rely on the construction of a hypothetical shower front based
on the reconstruction of an event with the deep detector (see Figure 3). If one finds more than a
certain number of hits in coincidence with the expected shower front in the surface detector, the
event is vetoed as background for astrophysical neutrino detection.
IceTop(

Air+Shower(Front(

Coincidence(

IceCube(

10$
Figure 2: Zenith distribution vs. the energy deposit
in the
deep detector for the events found with the starting-event
search after four years of data taking [2].

Figure
3: Schematic view of the IceTop
Dr.$Jan$Auﬀenberg$
veto strategy for the IceCube Observatory. If
IceTop records hits consistent in time with a
hypothetical shower front, the event is considered to be cosmic-ray-induced [9].

The general principle of such a surface veto is described in more detail in [9] with IceTop
as an example. As mentioned in the introduction, IceCube-Gen2 extends the energy range of
IceCube for the detection of astrophysical neutrinos and the identification of their sources [3]. In
the following, the possible impact of a surface veto array on the measurement of different properties
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of the astrophysical flux are discussed and estimated. Detailed simulations of surface veto arrays
will quantify the impact on these measurements in the future.
2.1 Measurement of the properties of the diffuse spectrum
Depending on the still-uncertain details of the astrophysical flux, the detection of astrophysical
neutrinos in different energy regions can be of particular interest. For very soft spectra, it can be
interesting to focus on moderate energies of as low as a few TeV to measure possible features of
the neutrino spectrum. For harder spectra, the high-energy neutrinos are interesting, to measure a
possible cut-off or change of slope at PeV energies. In both cases, a larger number of astrophysical
neutrinos is needed.
At energies above 100 TeV, neutrinos from the northern sky are more and more likely to be
absorbed during propagation through the Earth. It is therefore crucial to detect high-energy neutrinos from the southern sky (down-going). Here, an extended surface veto can improve significantly
the detection of uncontained νµ -induced muon tracks. Table 1 shows the number of up-going and
down-going astrophysical νµ at energy thresholds of 1 TeV, 10 TeV, and 100 TeV neutrino energy.
The numbers are based on Monte Carlo simulations. The injected flux was normalized to fit the observed astrophysical flux with 2 years of IceCube data [10]. The harder and steeper spectra account
for the approximate uncertainty of the spectral index at the time. Up-going and horizontal νµ up
to 5◦ above the horizon that interact in IceCube are not dominated by the background from muons
that where produced in air showers. In the down-going region (0◦ - 85◦ declination) neutrino signatures in IceCube are several orders of magnitude fewer than penetrating muon tracks induced by
cosmic rays. For example, for 100 TeV vertical astrophysical neutrinos the muon rate is about 5
orders of magnitude higher than the expected astrophysical νµ flux [7]. Here, an efficient surface
veto detector would allow to obtain roughly the same number of νµ above 10 TeV neutrino primary
energy from the down-going region as from the up-going region, and hence double the number
of identifiable cosmic neutrinos almost independent from the spectral index. Due to the smaller
observation region of 0◦ − 85◦ declination in the southern sky, the background from atmospheric
neutrinos (νAtmos in table 1) is 30% lower. Also the atmospheric neutrino background is expected
to be vetoed to some extent.
The total number of astrophysical νµ from the starting-event approach (Figure 2) and the
number of astrophysical νµ from the southern sky after applying a surface veto can be compared.
The starting event search sacrifices about 40% of the in-ice detector for astrophysical neutrino
detection due to the in-ice veto approach. After applying a surface veto this is not necessary
anymore for the southern sky. In addition the active volume, where an astrophysical neutrino is
allowed to interact, gets enlarged by the surrounding ice, now covered by the surface veto. Thus,
for vertical events we gain 1.5 km ice above the detector in addition to the 40% increase from
removing the in-ice veto. Overall the volume for astrophysical νµ to interact and induce muon
tracks increases by roughly a factor of 3.5 in the vertical direction. For the galactic center, a source
candidate in the southern sky at 62◦ declination, the overall gain in volume is roughly a factor of 8
[11]. The expected increase of high-energy tracks induced by astrophysical νµ is similar and only
slightly reduced due to absorption in the ice. These νµ induced tracks are the event type with the
most accurate pointing [12].
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1 TeV
E −2
E −2.3
E −2.7
νAtmos

110
220
740
15000
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up-going
10 TeV 100 TeV
44
60
110
500

11
9
7
5

down-going
1 TeV 10 TeV 100 TeV
80
160
590
10500

44
57
100
350

18
13
10
5

Table 1: Number of astrophysical neutrinos expected from the northern and the southern sky above different energy thresholds in IceCube in one year. The estimated event numbers are based on Monte Carlo
simulations. The normalization derives from the measured astrophysical flux. Up-going is defined to end 5◦
above the horizon, the region that is currently used in IceCube diffuse νµ analyses. The down-going region
is defined from the vertical to 85◦ declination dominated by muons from air showers without a surface veto.
νAtmos is the expected number of atmospheric neutrinos. No surface veto was applied to the νAtmos .

2.2 Identification of point sources
Coincident hits in IceTop are a well established parameter in IceCube point source analyses to
increase the sensitivity in the very down-going region (θ < 25◦ ) [13]. In section 2.1 it was discussed
that a surface veto could enable us to identify up to twice as many high-energy νµ -induced tracks
compared to just the in-ice detector. They come with moderate energy resolution but sub-degree
directional reconstruction [12]. The pointing of these highly significant neutrino events could be
the key to identify sources of the astrophysical neutrino flux.
p
To first order the significance σ = Nsignal / Nsignal + Nbackground to identify a point source increases linearly with the number of signal events Nsignal in case of background domination. The
p
denominator can further be approximated to decrease with Nbackground . The number of background
2
events Nbackground is proportional to ψevent
, were ψevent is the angular uncertainty of the events. As
a result, the significance of a point source search roughly increases linearly with the inverse of the
angular uncertainty σ ∼ 1/ψevent . Both the reduction of the cosmic-ray-induced background by
orders of magnitude in the southern sky and the detection of more high-energy well reconstructed
events will help to identify point sources in the southern sky.
The detection of a large number of almost background-free astrophysical neutrinos with subdegree pointing would enable us to produce a catalog of numerous sub-degree astrophysical neutrino directions. As due to absorption in the Earth most of the well-pointing high-energy events can
not come from the northern hemisphere, such a catalog is particularly powerful for the southern
sky. Assuming an isotropic distribution of sources in the sky, the total number of source candidates
2
in the direction of the neutrino decreases again with the angular uncertainty 1/ψevent
. Thus the
sensitivity of our experiment increases roughly with 1/ψ. This means that in first order one νµ
with a more than ten times better pointing compared to νe contributes more than ten times more to
the significance to a point source search. This catalog of sub-degree neutrino directions can be used
for various types of multimessenger analyses. One example would be dedicated follow up searches
with gamma ray telescopes in these directions with the goal to find correlating source types.
2.3 Detection of neutrinos with a cascade-like signature in IceCube
As already discussed in the introduction of this section, most of the neutrino signals in IceCube
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are cascades. A large fraction of these cascades get produced by νe and ντ . Above about 1 PeV
the separation of νe induced cascades and νtau induced signatures is possible [14]. In this case the
νe and νtau signatures are particularly interesting for analyses of the neutrino flavor composition.
Furthermore, for ντ with about 1 PeV energy, the majority of detected events will be down-going as
otherwise they would be absorbed in the Earth. From adding a surface veto, even if only efficient
at 1 PeV, most of the background without any containment cut would get removed. As a result
one can expect the number of ντ to increase compared to the IceCube in-ice detector only. At
6.3 PeV the Glashow resonance, ν e + e− → W − rapidly increases the interaction cross-section for
ν e . At these energies ν e could be of particular interest for an extended surface array as for νe the
containment arguments are similar to those from ντ .

3. Hardware solutions for a surface veto
A detector consisting of a large number of detection modules has to be very efficient in different ways:
• Low energy threshold and high detection efficiency increase the sensitivity to the neutrino
flux.
• The number of astrophysical neutrinos detected due to the veto increases linearly with the
duty cycle of a surface veto detector (exposure).
• One gains additional detection volume with increasing zenith as discussed in section 2.1.
• The system should be easily deployable and operable at low cost.
3.1 Charged particle detection on the surface
The most obvious option for a surface veto are particle detectors that measure the Cherenkov
or scintillation light produced by charged particles in an enclosed active volume like tanks or paddles. Results from first Monte Carlo simulations that are based on shower parameterizations underline the importance of the total collection area and sensitivity to both the electromagnetic and the
muonic part of the shower [15]. First estimates of the veto efficiency of a particle detector on the
surface, based on a geometry described in [11], show more than 99% veto efficiencies at ∼ 20 PeV
cosmic ray primary energy at cos(θ ) = 0.5 (see Figure 4). To get higher veto efficiencies or lower
passing rates for cosmic rays, a denser array could be considered (Figure 5). A detailed investigation of the event signatures and rates induced by cosmic-rays in the in-ice detector and subsequent
comparison to those predicted from the astrophysical neutrino flux will show the potential of this
geometry for astrophysical neutrino searches. Uncertainties due to particle density fluctuations in
the air shower will need careful investigation.
3.2 Shower detection in the atmosphere
An alternative approach to cosmic ray shower particle detectors are detection systems that do
not use a separated active volume as a calorimeter but the entire atmosphere above the detector. The
radio emission of air showers in the atmosphere and the air Cherenkov emission or fluorescence
light emission are examples of such signals.
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Figure 4: Veto efficiency as a function of zenith angle and cosmic ray primary energy for a surface detector as shown in Figure 1 right. The estimate is
based on combined parameterizations of the lateral
particle densities in air showers for muons and electrons.
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Figure 5: Passing fraction of quasi-vertical air showers ( < 25◦ ) from CORSIKA simulations. Array configurations that have a spacing of 62.5 m or 125 m
and a scintillator surface area of 0.8 m2 or 3.2 m2 are
shown.

The radio emission of air showers is a small signal in the regime of some MHz to several
hundred MHz and can only be detected above the electromagnetic background at cosmic ray primary energies above 10 PeV. Therefore, this detection technique is currently not under further
investigation for a veto detector [16].
The emission of Cherenkov light of cosmic-ray induced air showers is a rather strong signal
compared to the night sky background. It can be detected down to much lower primary energies
compared to other detection techniques. Assuming that an air Cherenkov detector has to work
efficiently as a veto at about 100 TeV primary energy, only relatively small telescopes with apertures
< 1 m are required. The detection efficiency for cosmic rays, and related, the density of detectors
that are necessary for a veto detector, need to be investigated for air Cherenkov telescopes. Another
challenge for air Cherenkov detectors at the South Pole are the environmental conditions. While
extreme cold conditions can be simulated in laboratories, the influence of many other conditions of
the Antarctic weather on the performance of such telescopes have to be investigated at the South
Pole. For this purpose, a prototype telescope was developed that will be tested at the South Pole
in the 2015/16 summer season [17]. The analyses of LIDAR observations at the South Pole show
promising results concerning the estimated up-time of a telescope for air shower detection [18].
The data suggests an overall up-time as high as 20 − 25% of the year might be possible (with
50% ± 10% up-time during the austral winter).

4. Summary
We have shown that a surface detector optimized for vetoing muons that penetrate the in-ice
detector of IceCube-Gen2 could significantly enhance the number of detectable astrophysical neutrinos. At energies above 10 TeV, a surface veto could enable IceCube-Gen2 to detect as many
down-going astrophysical νµ as are currently detected as up-going. This ratio increases with the
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energy threshold. Improvements in the measurement of different properties of the astrophysical
neutrino flux were motivated. The detection of neutrinos with very good pointing on a very low
background would increase the sensitivity of point source searches. Detectors based on particle
detection in enclosed volumes are an obvious technology for surface air shower detectors. Alternative detection methods like air Cherenkov telescopes are under investigation. Detailed simulations
will determine the impact of a surface detector to veto cosmic ray signals on the scientific goals of
IceCube-Gen2.
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1. Introduction
Neutrino oscillations have been detected in a wide variety of sources such as reactors, the atmosphere and the Sun [1]. The combination of the results from these diverse experiments presents
a consistent model for neutrino oscillations. This is summarized by the PMNS matrix [2] in which
the entries represent the probability that each mass eigenstate will be detected as a particular flavour
eigenstate. Currently the differences in mass between the eigenstates is known, but the ordering is
not. The two possibilities are the case in which the third mass eigenstate (ν3 ) is the heaviest (the
“normal” hierarchy) or that in which it is lightest (the “inverted” hierarchy). The distinction between these two situations is discernible using atmospheric neutrinos using an appropriate detector
[3, 4].
The proposed PINGU detector adds optical sensors to the existing IceCube/DeepCore array in
the South Pole ice, thereby leveraging the success of the established infrastructure. The IceCube
detector consists of 86 strings each with 60 optical sensors deployed between depths of 1450 and
2450 m below the surface of the ice cap. Here, 78 strings are installed at an average horizontal
spacing of 125 m with sensors at an average vertical spacing of 17 m. These 4680 optical sensors
are augmented with an additional 8 strings deployed in the centre of the array with horizontal
spacing ranging from 40 to 70 m and a vertical spacing of 7 m (called DeepCore) which lowers
the energy threshold for neutrino detection from roughly 100 to 10 GeV [5]. The PINGU detector
would further lower this threshold while increasing the sample size at all energies.
1.1 Neutrino Studies
The accepted framework describing neutrino oscillations has been described in detail elsewhere [1] and will only be summarized here. The existence of oscillations defines a probability
that a neutrino traveling in one flavour eigenstate will interact as another eigenstate. In the simplified two neutrino scenario, a neutrino with energy Eν having traveled a distance L in eigenstate α
will interact as eigenstate β as shown in Equation 1.1.


2 L
P(να → νβ ) = sin (2θ )sin ∆m
4Eν
2

2

(1.1)

It is clear from Equation 1.1 that in the two neutrino scenario, the oscillation probability depends
on the ratio of the length traveled and the energy of the neutrino as well as the mixing angle between the two states. This relationship is the same in the more complex scenarios involving three
(or more) flavours of neutrinos, and proves to be an ideal parameterization with which to characterize the oscillations. IceCube analyses presented here have assumed a three flavour scenario
which introduces three mixing angles, two mass-squared differences and one complex phase to this
equation.

2. IceCube/DeepCore
The IceCube/DeepCore detector has successfully investigated the neutrino oscillation parameters and has the goal of reducing the potential phase space available for these values. In particular,
recent results [8] have examined the disappearance of atmospheric muon-type neutrinos as they
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travel through the Earth. A sample of approximately three years of data with IceCube/DeepCore
has shown that the neutrino oscillation parameters (in particular ∆m232 and sin2 θ23 ) can be determined with an accuracy approaching that of dedicated oscillation experiments. The scale of the
measured effect is shown in the left plot of Figure 1.

Figure 1: DeepCore analysis results from [8]. The left plot shows the reconstructed L/E distribution of
events. The top portion of the left plot illustrates the best fit to the data as well as the expectation with
no neutrino oscillations. The bottom portion of the left plot shows the ratio of the data and the best fit to
the no-oscillation hypothesis. The bands shown are the estimated systematic uncertainties. The right plot
shows the 90% confidence contours resulting from the best fit for sin2 θ23 and ∆m232 compared to results from
dedicated oscillation experiments. Shown above and to the right of the plot are the likelihood profiles of the
parameters. In this plot it is assumed that the normal hierarchy is true.

As an additional test of the analysis framework, the analysis shows no significant deviation
from the "no oscillation model" (shown in red in the left plot of Figure 1) in the low L/E region.
Neutrinos in this region have a very short path length through the ice or are at very high energy,
neither of which will show the effects of neutrino oscillations.
In order to determine the best fit values of the oscillation parameters, a maximum likelihood
analysis is used which includes nuisance parameters accounting for the systematic uncertainties.
The full three-flavour scenario for neutrino oscillations is used to determine the best fit values of θ23
and ∆m232 . The 90% confidence contours for these parameters are shown in the right plot of Figure
1. As seen, the results from IceCube/DeepCore are now approaching levels of accuracy which
were previously only attainable using dedicated oscillation experiments and indicate the potential
of future measurements with a large-scale Cerenkov detector like PINGU.

3. PINGU
The PINGU detector will further lower the IceCube array energy threshold by adding another
40 strings with 96 DOMs per string. Following an extensive optimization process, the chosen
geometry has a 22 m average horizontal spacing between strings and 3 m vertical spacing between
modules. The new PINGU strings will be co-located with DeepCore extension at the bottom of the
array in the centre of the IceCube strings, as shown in Figure 2. The effect of lowering the neutrino
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detection energy threshold is shown in the “effective area” curve for the PINGU detector in Figure
3.
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Figure 2: A top view of the optimized PINGU geometry showing the position of IceCube strings (black
circles), DeepCore strings (red triangles) and planned PINGU strings (blue crosses) .

The positioning of the PINGU detector within the DeepCore fiducial volume allows the existing IceCube strings to be used to veto background muons that enter the PINGU volume. These
incoming events, which produce light outside of the PINGU strings, will be removed from the
signal event sample using tools which have been used successfully in the DeepCore analyses [5].
The additional PINGU DOMs also improve the reconstruction resolution by collecting more of
the Cerenkov photons produced in each event. The mean resolution ([Etrue − Ereco ]/Etrue ) in the
primary region of interest for PINGU (approximately 5 to 15 GeV) has been decreased to roughly
30% at 5 GeV and is better at higher energies. In addition, the angular resolution also improves
with the detection of additional photons, which in turn improves the determination of the neutrino
path length.
The effective area of the PINGU detector is obtained using simulated data. This calculated
value represents the equivalent area in which all neutrinos incident on the Earth would be observed.
Of particular note in these plots is the energy range over which the effective area extends. As shown,
significant sensitivity to all neutrino flavours is maintained down to at least 5 GeV, with a sharp
reduction at lower energies. It is this lowered energy limit (compared to the IceCube limit, on the
order of 100 GeV, or the DeepCore limit, on the order of 10 GeV) which is of benefit to the planned
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Figure 3: The effective area of the PINGU detector for all neutrino (antineutrino) flavours, left (right). In
this plot, nue represents the area for electron-type neutrinos, numu represents muon-type neutrinos, nutau
represents tau-type neutrinos, and nuall_nc represents neutral current neutrinos of all flavours.

future neutrino oscillation analyses.

4. PINGU Physics
4.1 Neutrino Mass Ordering
The primary goal of the PINGU detector is the determination of the neutrino mass ordering
(hierarchy), an open question which has persisted for many years [1]. In the current status of the
study of neutrino oscillations, many parameters are known, which aids in the determination of the
ordering.
As neutrinos pass through the Earth, the flavour oscillations are described by the MSW effect
[6], which results in a resonant enhancement of the probability of the νµ → νe oscillation if the
mass ordering is “normal” (ν3 is heaviest) and ν̄µ → ν̄e if the ordering is “inverted” (ν3 is lightest).
The increase in the oscillation probability is highly dependent on both the energy and the linear
electron density along the path of the neutrino, a combination of the density profile of the Earth
and the path length of the neutrino. The range of incoming zenith angles available to the PINGU
detector therefore provides a wide range of oscillation probabilities.
In addition to the MSW effect, the neutrino oscillations also experience a parametric enhancement of their oscillations in specific circumstances [7]. This enhancement affects neutrinos passing
through the mantle just outside of the outer core which have an energy of roughly 6 GeV. Parametric
oscillation provides about one third of PINGU’s sensitivity to the neutrino mass ordering.
These oscillation probability changes are dependent on the nature of the hierarchy and the
neutrino (ν or ν̄) so that P(νµ → νµ )NH = P(ν̄µ → ν̄µ )IH . Since IceCube/DeepCore and PINGU
are unable to distinguish between neutrinos and anti-neutrinos, the changes are visible only in the
sum of these probabilities (e.g. [P(νµ → νµ )NH + P(ν̄µ → ν̄µ )NH ]) which can be used to create
a representative event sample for both “normal” and “inverted” hierarchy distributions. These can

82

Status of the PINGU Detector

Kenneth Clark

then be subtracted to show the difference in the number of events expected, and separated into
“track-like” (νµ CC) and “cascade-like” (νe , ντ CC, νall NC) events using the particle identification
(PID) developed for use with the reconstructions used in PINGU. The results of these plots are
shown in Figure 4.

Figure 4: The scaled difference in the annual counts for the PINGU detector are shown for events identified
as track-like (left) and cascade-like (right) during the reconstruction process.

The determination of the hierarchy then relies on the shape of the event distributions as shown
in Figure 4. Refinements in the analysis have enhanced the sensitivity, while a more accurate
noise model and a more complete set of systematic errors have partially offset this gain. The
primary analysis method is now a likelihood ratio study which accounts for many of the predicted
systematics, broadly separated into oscillation, flux and detector systematics. Figure 5 shows the
results of extracting the neutrino mass ordering with PINGU with only statistical uncertainties
(dashed lines) and with all systematics included (solid lines). As seen in Figure 5, the 3σ threshold
in this analysis is reached with just over three years of data regardless of the hierarchy, although it
will be slightly sooner if the true hierarchy is normal.
4.2 Neutrino Oscillation Parameters
In addition to determining the true value of the neutrino mass hierarchy, the neutrino oscillation
parameters (and in particular the atmospheric parameters θ23 and ∆m232 ) can also be studied using
the lowered energy threshold provided by the PINGU detector. The oscillation parameters can be
extracted from the likelihood-based analysis discussed in the previous section. The preliminary
expectations of this analysis are shown in Figure 6. The expected improved sensitivity to lower
mass WIMPs in the PINGU detector is also shown.
4.3 Dark Matter
In addition to studying neutrinos and their oscillations, PINGU can also search for astrophysical sources which produce neutrinos and use them as messengers. Of particular interest to the
physics community is the search for dark matter. The IceCube detector and the DeepCore extension have carried out these dark matter searches, producing world-leading results as shown in the
right plot of Figure 6.

83

Status of the PINGU Detector

Kenneth Clark

PRELIMINARY

Figure 5: The evolution of the significance for determining the neutrino mass hierarchy with the PINGU
detector shown by years of data taking.

The dark matter analysis has been carried out at several stages during construction of the IceCube/DeepCore array. The red curve in Figure 6 labelled IC79 represents the incomplete IceCube
detector with only 79 strings, while the curve in black represents the results using the full PINGU
detector (which includes the DeepCore extension). The blue bands indicate the range expected
from anticipated improvements to the analysis methods.
The increased density of photodetectors in the ice will aid the results curve in two primary
ways. The first is that the energy threshold of the detector will be lowered, making available more
neutrinos at low energies. This lowering will change the sensitive phase space for the PINGU
detector to include much lower energy events. The second way the results will be changed is that
the reconstructions will be improved, as discussed previously. Improving the reconstruction for
the dark matter analysis makes a significant difference, since the pointing accuracy of the detector
can be used to distinguish signal from background, particularly for the analysis of solar WIMP
annihilations.

5. Summary
The IceCube array, with its low energy extension, have shown that the execution of precision
particle physics is achievable in the Antarctic ice at the South Pole. The planned PINGU sub-array
holds the potential to further lower the neutrino detection energy threshold, making it possible to
study the physics of the neutrino mass ordering and access low-mass dark matter. The optimization
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Figure 6: Additional physics results using the PINGU detector. The sensitivity to the oscillation parameters
is shown in the right plot with the PINGU projected sensitivity. The left plot shows the dark matter exclusion
limit results for SuperK, IceCube and the projected results for PINGU.

studies of PINGU are now nearing completion and the collaboration has started planning for the
next stage of the project.
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