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IceCube-Gen2: the next-generation neutrino
observatory for the South Pole
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The IceCube Neutrino Observatory is a cubic-kilometer Cherenkov telescope buried in the ice
sheet at the South Pole that detects neutrinos of all flavors with energies from tens of GeV to sev-
eral PeV. The instrument provided the first measurement of the flux of high-energy astrophysical
neutrinos, opening a new window to the non-thermal universe. Here we present design studies
for IceCube-Gen2, the next-generation neutrino observatory for the South Pole. IceCube-Gen2
will have an instrumented volume nearly 10 times greater than IceCube alone, substantially in-
creasing sensitivity to high-energy neutrinos. On the surface, a large air shower detector will
veto high-energy atmospheric muons and neutrinos from the southern hemisphere, enhancing the
reach of astrophysical neutrino searches. In the ice, a number of new optical module designs
currently being evaluated will allow for substantially increased photosensitive area per unit cost.
We show how these different sensor designs affect the instrument’s ability to resolve the sources
of astrophysical neutrinos.

Corresponding author: J. van Santen*
DESY, Platanenallee 6, D-15738 Zeuthen, Germany

35th International Cosmic Ray Conference — ICRC2017
10-20 July, 2017
Bexco, Busan, Korea

*Speaker.



IceCube-Gen?2 sensitivity studies J. van Santen

1. From IceCube to IceCube-Gen2

IceCube is a cubic-kilometer Cherenkov telescope buried in the ice sheet at the South Pole
[1] that detects neutrinos of all flavors with energies from tens of GeV to several PeV. While the
instrument provided the discovery of the flux of high-energy astrophysical neutrinos [2, 3, 4, 5],
the sources of these neutrinos have remained out of reach [6]. Learning more about the sources
and resolving their locations will require collecting significantly more neutrinos per year than are
possible with IceCube alone. To that end, design studies are underway for IceCube-Gen2, a next-
generation neutrino observatory for the South Pole.

IceCube-Gen2 will encompass the existing IceCube array [1], covering the TeV range, as
well as an array of new, widely-spaced strings to increase sensitivity above ~ 10 TeV. Additional
components would expand IceCube-Gen?2 into a wide-band neutrino facility. A large surface array
would lower the energy threshold for southern-sky neutrino searches by vetoing mildly-inclined air
showers [8, 9]. A radio array would detect cosmogenic neutrinos above ~ 100 PeV [10]. A dense
infill inside the existing DeepCore would extend atmospheric oscillation measurements and dark
matter searches down to several GeV [11]. Here we focus on the sensitivity characterization of the
high-energy array and the surface veto array.

The high-energy array will detect neutrinos primarily via two channels: tracks, produced by
relativistic muons crossing the detector, and cascades, isolated energy depositions induced by
charged-current v,, vz, and neutral-current interactions of all neutrino flavors. Sensitivity to in-
dividual sources scales with the rate of track events, and thus with the projected area of the de-
tector, while sensitivity to the energy spectrum and flavor composition of the high-energy diffuse
flux scales with the rate of cascade events, and thus the instrumented volume. Several geometries
are under consideration for the high-energy array, with instrumented volumes ranging from 6.2
to 9.5 km?. Each detector geometry strikes a different compromise between projected area and
contained volume. For the studies described here we focus on the “sunflower” layout shown in
Fig. 1.

2
1 .
£
= 04
>
-1 A B ‘i :,r' ‘ Figure 1: View of IceCube-Gen?2 strings from above in the “sun-
’ flower” layout. The 120 new strings (shown as orange points) are

T - T spaced 240 m apart and instrumented with 80 optical modules over
a vertical length of 1.25 km. The total instrumented volume is
7.9 km?, nearly 10 times larger than IceCube alone (blue points).
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2. Sensitivity to astrophysical neutrinos

We estimate the sensitivity of each proposed detector configuration to various astrophysical
neutrino production scenarios using a set of mock likelihood analyses modeled on previous IceCube
results. In the following we present our method for obtaining neutrino event rates from basic
detector performance quantities such as muon effective area and energy resolution. We then briefly
discuss the likelihood technique. Finally, we use the technique to demonstrate the potential of the
IceCube-Gen?2 high-energy array to measure properties of the observed quasi-diffuse neutrino flux
and discover steady point sources of neutrinos.

2.1 Event rate calculation

We have parameterized the performance of each of our proposed detector geometries to detect
and reconstruct tracks and cascades. We then calculate event rates by folding these quantities with
the probabilities for neutrinos of a particular flavor and energy to produce one of these two event
signatures. This approach allows us to separate the performance of the detector from limitations
imposed by the physics of neutrino interactions, e.g. absorption in the Earth.

For muon tracks, the detector performance is characterized by four quantities: muon effective
area, surface veto coverage, energy resolution, and point spread function.

Muon effective area The left panel of Fig. 2 shows the muon effective area of the 240 m “sun-
flower” geometry. For PeV muons it is nearly identical to the instrumented area, but drops
significantly below 10 TeV due to large string-to-string spacing.

Surface veto footprint and threshold The surface veto reduces the background from penetrating
muons by identifying and rejecting high-energy air showers that reach ground level in or near
it. We model its effect by splitting the projected area of the in-ice array in each zenith band
into a portion that is covered by the surface veto footprint (75 km? by default) and one that is
not. Within the coverage of the surface veto, the background from penetrating atmospheric
muons is removed entirely above a fixed threshold energy (100 TeV by default), while outside
it is unaffected. A 75 km? surface array would cover the entire 240 m sunflower array up to
zenith angles of 45 degrees, and half of the array up to 70 degrees.

Muon energy resolution TeV muons predominantly lose energy stochastically, leading to signif-
icant spread in the muon energy observables associated with a single true muon energy. The
muon energy resolution is a parameterization of the reconstructed energy distribution after
the selection described above.

Point spread function The point spread function parameterizes the distribution of the angular dis-
tance between the true muon direction and the reconstructed direction as a function of zenith
angle and muon energy. The right panel of Fig. 2 shows example median opening angle
distributions.

The performance criteria for cascades are simpler. The muon effective area is replaced by
an effective volume of ice inside which penetrating atmospheric muons can be cleanly separated
from neutrino-induced cascades. In analogy to [3], we parameterize the effective volume for the
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Figure 2: Muon detection and reconstruction performance of 240 m “sunflower” geometry. The left panel
shows the average muon effective area after quality cuts as a function of zenith angle at 4 selected muon
energies, evaluated at the border of the high-energy array. The geometric area of the array is shown for
comparison. The right panel shows the median angular distance between the reconstructed and true muon
direction. The typical angular error for IceCube is shown for comparison.

240 m “sunflower” geometry as 6.3 km> above 200 TeV deposited energy [12] and O below. A
cascade deposits all of its energy over a short distance, making it simpler to infer its total energy.
We parametrize the deposited energy resolution as Ojog, (£, /Egey) = 0-04 - [1 + (Edep/1 PeV)~1/2].
The point spread function is omitted entirely. We do not take the surface veto into account for
cascade events. For simplicity’s sake we also neglect the possibility that tracks would start inside
the fiducial volume or that charged-current v; interactions inside the fiducial volume could be
positively identified.

2.2 Sensitivity and discovery potential

We use these predicted event rates to calculate parameter limits for various benchmark analy-
ses, modeling the sensitivity and discovery potential of each analysis as a binned Poisson likelihood
ratio test. We define the sensitivity as the median 90% confidence level (CL) upper limit on a param-
eter (e.g. the flux from a candidate neutrino source) that would be obtained in repeated experiments
if the parameter were 0, and the discovery potential as the value of the parameter required to ex-
clude 0 at a CL equivalent to 5o [13]. In both cases, we calculate the median test statistic using an
Asimov dataset [14] rather than an ensemble of pseudo-data realizations.

Here we present two broad categories of searches: quasi-diffuse analyses, which measure the
energy spectrum and flavor composition of the superposition of all astrophysical neutrino sources,
and point-source analyses, which search for neutrinos from individual sources or catalogs of similar
sources. The quasi-diffuse analyses use both track and cascade events, while the point-source
analyses use track events only.

2.3 Quasi-diffuse flux

IceCube has discovered a quasi-diffuse astrophysical neutrino flux both in the starting event
(cascade-dominated) [3] and up-going muon channels [5], but its origins remain unknown. The
observed flux level is compatible with the widely assumed hypothesis that these neutrinos are
associated with the production sites of ultra-high-energy cosmic rays (UHECR) [15]. The limited
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Figure 3: IceCube-Gen2 quasi-diffuse neutrino flux 10-6
measurement after 15 years of operation. The dot- ¢ IceCube-Gen2 (15 years)

ted line shows a superposition of a soft (E~2) and a IceCube (ApJ 2015)

hard (E~?) component that is compatible with both [ IceCube (tracks only, Ap) 2016)
the low-threshold, all-channel IceCube analysis [16]
(filled grey band) and the high-threshold, muon-only
analysis [5] (outlined band). The blue bars show the

median range of fluxes allowed at 68% CL in each

=

o
4
1

range of neutrino energies, along with the number of
events attributable to each range. These would al-
low for a clear distinction between the soft spectrum
observed at lower energies (grey dashed line) and a N U
hard spectrum that continues to the energy range of 104 10° 108 107 10%® 10°
the UHECR. Neutrino energy [GeV]

E2®, [GeVcm2sr~ls™1]
=
o
&

event rate in IceCube, however, prohibits strong statements about the behavior of the flux above
a few PeV. To make a direct statement about the connection, we must measure the flux at higher
energies.

To demonstrate the energy reach of the IceCube-Gen2 high-energy array, we construct a dif-
ferential flux measurement similar to [3]. We use both the incoming track and cascade channels,
and allow downgoing tracks that pass through the footprint of the surface veto. Furthermore, we
assume a combined measurement using 15 years of IceCube data and 15 years of IceCube-Gen2,
using muon effective areas and cascade effective volumes similar to [5] and [3] to predict the num-
ber of cascades and incoming tracks, respectively, in IceCube. As a background we assume only
atmospheric neutrinos, using the fluxes of [17, 18], modified to account for the cosmic ray knee as
in [5]. The signal hypothesis is a set of piecewise E~2 power law fluxes, where each segment is
allowed to vary independently. The result of such an analysis is shown in Fig. 3. The error bars on
each point show the median range of fluxes that would be allowed by the data in each energy range.
The flux would remain distinguishable from O well into the hundreds of PeV, providing valuable
overlap with radio detection, and cementing the connection between high-energy neutrinos and
UHECR.

Another important aspect that can be explored with IceCube-Gen?2 is the nature of the accel-
eration environments that produce high-energy neutrinos. If the neutrinos are produced via pion
decay in the presence of strong magnetic fields, then synchrotron cooling of the pions and sec-
ondary muons will lead to breaks in the spectra of muon and electron neutrinos at the source,
making the flavor ratio at Earth transition from roughly 1:1:1 to 1:1.8:1.8 over a decade in energy
[19]. If the transition energy lies in the range of IceCube-Gen?2, it will be observable as a break in
the energy spectrum measured by IceCube-Gen2 that behaves differently in tracks and cascades.

Figure 4 shows an example of a search for flavor dependence in such a break in a case
where the critical energy is 2 PeV, using the same detectors, exposures, and backgrounds as in
the flux unfolding example above. Here, the model signal spectrum is divided into two compo-
nents whose internal flavor compositions are allowed to vary independently. The assumed flux is
E’®, =108 GeVem2sr!'s! per flavor for E, < 1 PeV, softening to E~* for E, > 10 PeV. The
flavor composition measured above 1 PeV would exclude the expected 1:1:1 at Earth at 95% CL.
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Figure 4: Measurement of a muon-damping break at 1 PeV with IceCube-Gen2. The left panels show the
constraints on the flavor ratio at Earth below and above 1 PeV, respectively. The points show the expected
ratios at Earth from muon-damped pion decay ([V, : v, : Vz]source = 0: 1: 0) and complete pion decay (1:2:0).
The dotted contours give the 68% CL allowed region, while the solid lines correspond to 90% CL. The error
bars in the right panel show the 68% CL constraints on the muon-neutrino fraction at the source assuming
standard oscillations over long baselines [20], while the line shows the injected flavor composition at the

source.
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2.4 Point sources

While the quasi-diffuse astrophysical neutrino flux has been observed, its sources have re-
mained too faint to detect. The significantly larger instrumented area of IceCube-Gen?2 will, how-
ever, allow sensitivity to fluxes from individual sources that are fainter than current limits.

Figure 5 shows integrated sensitivities and discovery potentials to an E~2 flux from a single
source, using only through-going track events Neutrino absorption in the Earth reduces the sensi-
tivity towards the North Pole. In the Southern sky, overall sensitivity is reduced due to the energy
threshold imposed by the surface veto and the limited target mass for neutrino interactions between
the surface and the detector. Like IceCube, IceCube-Gen2’s best sensitivity is at the local hori-
zon (0 = 0), where the projected density of the instrumentation and the range of neutrino-induced
muons is greatest.

3. Outlook: improved sensor designs

The performance estimates shown above were obtained with the PINGU DOM (PDOM) [21],
an updated version of the IceCube DOM that uses the same 10-inch, high-quantum-efficiency PMT
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as DeepCore. Newer sensor designs can potentially provide better sensitivity. Two new designs
currently under development are the D-Egg [22, 23], with two 8-inch PMTs placed back-to-back
in an ellipsoidal pressure vessel, and the mDOM [24], a smaller adaptation of the KM3NeT sensor
with 24 3-inch PMTs arranged in a nearly-spherical pressure vessel. Aside from some ability to
resolve the directions of photons, these differ from the PDOM primarily in the total amount and the
orientation of their photon effective area, as shown in Fig. 6a. While the PDOM’s single downward-
facing PMT is most sensitive to upward-going photons (cosn ~ 1), the D-Egg is symmetrically
sensitive to upward- and downward-going photons with a total photon effective area 1.5 times
greater than the PDOM, and the mDOM has nearly isotropic sensitivity with a total effective area
2.2 times greater than the PDOM. This could be increased to nearly 3 times by using super-bialkali
(SBA) photocathode PMTs.

These larger sensors can improve performance either by a) increasing the total photon effec-
tive area per string, b) concentrating the same effective area in fewer modules per string, or c)
allowing strings to be placed farther apart for increased neutrino effective area. Fig. 6b illustrates a
minimal version of the potential gains from (a) using the point source discovery potential at § = 0.
The improved point source sensitivity arises from an improvement in reconstruction efficiency and
accuracy for muons with energies smaller than roughly 100 TeV with increased photon effective
area per sensor. While the angular resolution for horizontal muons using only the arrival time of
the first photon [25] does not appear to benefit directly from the ability of segmented sensors to
resolve photon directions, we expect these sensors to improve angular resolution for cascade events
as well as the rejection of penetrating atmospheric muons.
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Figure 6: Sensitivity improvements from new sensor designs. (a) shows the effective area of the D-Egg and
mDOM compared to the PDOM; the total area of the D-Egg is 1.5 times larger than the PDOM, while the
mDOM is 2.2 times larger. (b) shows how larger sensors would improve the ability to discover a point source
at 6 = 0. A sunflower array with 120 strings spaced 240 m apart with 80 PDOMs each would be able to
discover sources 3.5 times fainter than IceCube, while increasing the effective area of each sensor by 3 times
(for example, by replacing each PDOM with an mDOM with SBA-photocathode PMTs) would increase this
factor to 4.5.
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4. Summary

IceCube-Gen?2 will be a wide-band facility that detects neutrinos from several GeV to hundreds
of PeV. Here we have presented sensitivity studies using two of its components, the high-energy
in-ice array and the surface veto array. Together these can enable measurements of the astrophysi-
cal neutrino flux at the level of E2®, = 1078 GeVem2sr—!s~! per flavor up to hundreds of PeV,
measurements of the flavor composition of the astrophysical neutrinos in the PeV range, and de-
tection of steady point sources that are 3.5 to 4.5 times fainter than those detectable with IceCube
alone.
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IceCube-Gen?2 is planned to extend the IceCube Neutrino Observatory at the geographic South
Pole. For neutrino astronomy, a large sample of well-reconstructed astrophysical neutrinos with
very low background is essential. The main background for this signal consists of muons and neu-
trinos, which are produced in cosmic-ray air showers in the Earth’s atmosphere. The coincident
detection of these air showers by the surface detector IceTop has already proven the concept of ve-
toing atmospheric neutrinos and muons in a limited field of view centered around the South Pole.
This motivates a large extension of IceTop to detect cosmic rays more efficiently over a large field
of view. As part of these extension plans, small imaging air Cherenkov telescopes based on SiPM
cameras and optimized for harsh environments, referred to as IceAct are considered. Compared to
IceTop stations, these telescopes may be an efficient way to lower the detection threshold for air
showers at the cost of a lower duty cycle. In addition small ACTs in combination with IceTop and
IceCube can improve the capabilities to measure the composition of the CR spectrum starting at 2
PeV. We will present the progress and future plans of the IceAct project including first coincident
data of an IceAct prototype with IceCube.
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1. Introduction

IceCube [1] has measured an
astrophysical neutrino flux with

very high significance but no evi- glass plate

. Fresnel lens
dence for a point source has been 23

. Soy/:

found [2, 3] so far. In the region , //d,oZ”
above 100TeV primary neutrino
energy the measured diffuse flux ,
. .. 61 pixel
is significantly above the back- camera
ground of cosmic-ray induced neu- camera with
trinos and muons. One of the main Winston cones

tasks of an extended IceCube de-
tector, IceCube-Gen2, will be the
detection and high-quality recon-

. . Data acquisition
struction of a sufficient number of and storage

astrophysical neutrino events for

astronomical observations and the

measurement of the corresponding

Figure 1: Drawing of the IceAct telescope prototype with a 61
pixel camera. A similar IceAct demonstrator equipped with a 7
pixel camera was deployed at the South Pole on the roof of the
counting house of the IceCube neutrino observatory.

neutrino spectrum with high preci-
sion (see also [4, 5]).

The main backgrounds for ex-
traterrestrial neutrino detection are
cosmic-ray induced particles. One way to suppress these backgrounds in IceCube is to look for par-
ticles that traversed the whole Earth, leaving only neutrinos - astrophysical and atmospheric. In the
southern sky, the cosmic-ray induced muon background is dominant because high-energy muons
(>400 GeV) are not absorbed within at least 1.5 km overburden of ice above the detector. However,
cosmic-ray induced air showers can be detected with dedicated air shower arrays at the surface [6].
Such a surface detector can be used to veto the cosmic-ray muons reaching the deep in-ice detector.
To some extent, such a veto detector is able to select and suppress even the atmospheric neutrino
background as they are also accompanied by air showers on the surface. In fact, IceTop is already
used today in several analyses to suppress the atmospheric background and increase the sensitivity
of IceCube for astrophysical neutrinos in the southern sky [7, 8]. The properties of IceTop as a
veto motivate further studies of a specialized detector to very efficiently detect cosmic-ray muons
already at the surface. This offers the possibility to select neutrinos that interacted anywhere in the
entire ice sheet above the IceCube in-ice detector as astrophysical neutrino candidates. Of special
interest are neutrinos from directions of possible neutrino sources that are motivated by high energy
gamma ray detections. One example is the Galactic center of the milky way, located 29° above the
horizon at the South Pole. The possible impact of a surface veto detector to astrophysical neutrino
measurements with IceCube is discussed in [4].

Detector extensions to veto cosmic-ray induced signals on the surface have to be very efficient in
different ways:

e A low energy threshold and high detection efficiency of a surface veto is strongly related to
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the detectable neutrino flux.

e A large duty cycle is needed for a surface veto detector to detect as many astrophysical events

as possible.

e The number of detectable astrophysical events increases linearly with the azimuthal coverage

of a surface array. With increasing declination the length of the active Volume (ice) increases.

Thus a neutrino will more likely interact with increasing declination and produce a signal in

the in-ice detector. In the vertical case, only the ice directly above the detector (about a factor

of 2.5) is gained, while e.g. in the direction of the Galactic Center (declination 6 = 61°) the

active volume is already about six times larger.

e The detection system has to be easy to deploy and operate.

The most obvious option for a surface

veto are particle detectors which measure the
Cherenkov- or scintillation light produced in
an enclosed active volume [9]. First simula-
tions based on shower parameterizations un-
derline the importance of large detection vol-
umes and sensitivity to the electromagnetic
and the muonic component of the air shower
[10]. Uncertainties from intrinsic fluctua-
tions in the air-shower front at the surface in
this case are of primary importance in deter-
mining the veto efficiency and its energy de-
pendence.
In the following, an array of small imaging
air Cherenkov telescopes is discussed as an
alternative detection method which uses the
atmosphere as the active volume. First we
discuss an estimated air Cherenkov telescope
array and the technical properties of imaging
air Cherenkov telescopes needed for a sur-
face veto detector. After that, a 61 pixel Ice-
Act prototype telescope that has been built
for the South Pole is described. In addition,
we show first data that was taken with a 7
pixel IACT demonstrator at the South Pole
in coincidence with IceCube.

2. Criteria for an air Cherenkov
veto array at the South Pole

In the following we will briefly discuss
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Figure 2: Add on Array for IceTop. The blue region
indicates the footprint of IceTop. Each 7 connected
hexagons build one station of 7 telescopes. Each tele-
scope looks in a different direction of the sky, open-
ing in total a field of view of 18°. The colors of
the different telescopes (hexagons) indicate the impor-
tance of the telescope. Deep green telescopes shield
> 50 optical modules of from IceCube deep in the ice
from cosmic ray signals (see the right Figure 2). The
light green telescopes cover between 10 and 50 opti-
cal modules. The red telescopes cover less than 10
telescopes. The white telescopes are not needed.

the motivation and required properties of possible IceAct arrays that could be operated at the South
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Pole as a surface veto for cosmic-ray air showers to detect astrophysical neutrinos. A surface
detector on top of IceCube to veto air shower induced signals in the in-ice detector offers the
possibility to improve the astrophysical neutrino search of IceCube in various ways. One example
is the detection of well reconstructed high energy muon neutrinos [4]. Such neutrinos interacting
in the ice above the instrumented volume of the deep array could be included with a calculated
probability of being of astrophysical origin.

In different analyses IceCube has measured a diffuse astrophysical flux with a spectral index of
E~21to E~2%® harder than the inclusive flux of atmospheric leptons. Thus, a veto detector needs to
work increasingly more efficient the lower the energy threshold for astrophysical neutrino detection
is set. Particle detector arrays on the ground suffer from a limited active detector volume. At
energies where the particle density on the ground is too low, the veto efficiency will drop. As
each telescope pixel of IACT’s is monitoring the entire atmosphere in its field of view and the
Cherenkov light emission is much more homogeneous compared to the distribution of the charged
particles, the energy threshold of the IACTs is not constrained by the sparsity of the detectors. It is
mainly dependent on the detection efficiency for photons, the photon background, and the photons
reaching the telescope at the first place. Conventional IACTs are much to expensive to cover a large
field of view. The only requirement for IACTs for the veto case is the detection of photons from
certain directions within the directional uncertainty of IceCube and with a moderate probability
to trigger on background photons. As a result the field of view of our pixels can be relative large
above 1° and the overall size of the telescope can be well below 1 m?. This drops the cost of a single
telescope to well below $ 10000 [11] including a DAQ that is based on Target7 [12] modules.

2.1 IceAct Telescope application

First simulation studies of IceAct arrays to veto cosmic ray induced background for IceCube

were reported [13]. They assume the photon detection efficiency of single telescopes is comparable
to those of the IceAct prototype [11]. With a 4 PE detection threshold on a night sky background
taken from La Palma (accurate measurements for the South Pole need to be implemented in the fu-
ture) and CORSIKA [14] simulations under South Pole conditions we find in the order of 200-300
telescopes to be sufficient to cover the most vertical 18° above the IceCube in-ice detector com-
pletely (see Figure 2). Such an array of telescopes has a stable threshold at about 50 TeV cosmic
ray primary energy, well below that of IceTop (in the order of 300 TeV). Given that IceTop as a
veto detector results in about 0.1 neutrinos/year [15] such a telescope array with a comparable field
of view would be able to identify astrophysical with a neutrino/year rate dependent on the spectral
index of the flux and the duty cycle of the array. Our example array covers a larger part of the
IceCube in-ice detector compared to IceTop, which increases the expected number of astrophysical
neutrinos further.
Another array of telescopes that is efficiently detecting cosmic ray induced background from the
direction of the Galactic Center is also of particular interest as the Galactic Center is a prominent
candidate for a neutrino point source motivated by the high energy gamma detection of Hess [16].
With the geographic South Pole as the frame of reference the Galactic Center rotates around Ice-
Cube with a declination of 29° above the horizon. Vetoing cosmic-ray background from this region
would require rings of telescopes deployed around IceCube. This type of array geometry is also
under consideration and will be explored and require also several hundred telescopes.
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Finally, we note that an IceAct array of the type shown in Figure 2 would add a powerful signal
component for cosmic-ray physics with IceCube. IceActs measure the air Cherenkov light emis-
sion of the electromagnetic component along the shower axis. This information is complementary
to the high energy muon detection of the IceCube detector in the ice and the particle detection by
IceTop on the ground [17].

3. Development of the IceAct prototype telescope
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Figure 3: Left: The acceptance angle that is required for the central Winston cone and a Winston cone on
the side of the camera. Y is 28.7°,  is 33.7°. Right: Duty cycle of SIPM based IACTs determined from
observations with a simple 175° sky camera. The plot shows the number of hours in which a certain amount
of cloud coverage was found. Analyses estimate that in about 25% of the time darkness with no clouds is
found in each given direction, with large uncertainties.

Efficiently running an air Cherenkov telescope at the South Pole requires special treatment of
the mechanics and electronics to account for the extreme environmental properties, including low
temperatures and drifting snow. Further design considerations follow from the planned use as a veto
for air showers. Figure 1 shows a schematic of the current Ice Act telescope design. In the following
we describe the optical properties of the telescope along the signal path for incoming light. First,
incoming light passes a 97% UV-transparent glass plate that protects the entire following system
from small snow crystals, dust and very cold temperatures. This is followed by a Fresnel lens with
a 12° field of view and a diameter of 549.7mm (ORAFOL Fresnel Optics GmbH 510 mm SC 943
lens). A carbon cylinder sets the distance of the lens to the SiPM camera to 514 mm and ensures a
shielding from scattered background light and snow. 61 specially designed PMMA Winston-Cones
are sitting in the front of the camera. They have a hexagonal entrance window and a quadratic
output window focusing the light on 6x6mm SensL-J SIPMs (see Figure 3 on the left). The first
telescope at the South Pole had round aluminum cones and only the central 7 pixels equipped.
Each single pixel of this camera has a detection efficiency of 14 +=3% in the region of +A at 380nm
wavelength including the detection efficiency of the SensL-C 6x6 mm SIPM and including the
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limited fill factor. Figure 3 motivates the reason for the chosen acceptance angle. Here A = 33.7°
is the maximum angle in which light needs to be collected with the cones.

3.1 61 Pixel Camera of the IceAct Prototype Telescope

The central part of the IceAct prototype telescope is the 61 pixel SIPM camera. The radius 7y,

of the focal plane is 60 mm, where the entrance window of the Winston cones is located in the focal
plane of the Fresnel lens at 350 nm wavelength (502.1 mm). The left Figure 3 summarizes these
numbers. The overall light detection efficiency from the direction of 0° — J is simulated to be in
the order of 32% at 380 nm wavelength including the detection efficiency of the SensL-C 6x6 mm
SIPM and the limited fill factor.
Including the lens and the front glass the overall light detection efficiency of the telescope in its
FOV is about 15% for Cerenkov light on the ground from 300-400 nm. Wavelength and direction
dependent measurements are ongoing. Measurements of the environmental properties at the South
Pole for the operation of IACTs and the successful operation of IceAct prototypes at the South
Pole are important to determine the potential of an extended IceAct array. One very important
parameter to calculate the potential of a large IceAct array is the expected duty cycle for operation.
To investigate the duty cycle of IceActs at the South Pole careful measurements of the condition
of the atmosphere are necessary. A first step in this direction is the analysis of pictures that where
taken with a simple 175° sky camera that was installed at the South Pole from 2014-2016. During
one dark period from 2015-2016 the taken data were analyzed for cloud coverage in the sky by
monitoring the appearance and absence of stars. Monitoring 150 stars gives a first estimate on
the overall duty cycle achievable at the South Pole. Analysis shows that for 25 % of the time per
year the sky in each given direction is dark and clear. Because of the large uncertainties (in both
directions) of this measurement all our estimates assume that the field of view of a given telescope
is dark and free of clouds or bright auroras 20 % of the time. This star disappearance measurement
is in agreement with LIDAR-data analyses from the South Pole [18]. A professional camera for
night sky observations was installed at the South Pole in 2016. The data will be used to confirm
the results of this measurement.

3.2 Coincident Data of the IceAct Demonstrator Telescope at the South Pole

Together with the wooden stand an IceAct demonstrator was deployed on the roof of the
IceCube counting house (ICL) in 2016 to start elaborating the capabilities of IceAct to calibrate the
cosmic ray flux detected by IceCube. The telescope has seven pixels for an 4° field of view and
can look from 45° above zenith to vertical. It was operating from May 12th 2015 till August 20th
2016. Almost one month of stable data was taken in physics mode in coincidence with IceCube
and IceTop. The IceAct demonstrator was autonomously triggering whenever two pixels saw a
signal above threshold. In the case of a trigger in IceCube at the same time, IceCube records
an IceAct trigger time stamp. In addition an independent time marker was recorded by IceAct.
We also sent trigger signals to IceCube forced by two independently working 60 MHz clocks and
recorded corresponding time markers within IceAct. In case of an independent IceCube trigger
the flags that are sent to IceCube are recorded. This information was used do to a time calibration
between IceCube and the IceAct demonstrator. We are now able to analyze air shower events that
were recorded with all three subsystems IceAct, IceTop, and IceCube. Figure 4 shows one example
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Figure 4: Example event of a coincidence of all three detector components IceTop, IceCube and IceAct.On
the left one can see 5 SIPM pixels of the telescope with a clear signal above threshold. On the right is an
event view of the IceTop and the IceCube light detection pattern. The color represents timing, the size of
the bubble the light amount detected by the optical sensors. The time interval bins in the color code were
expanded to 7 us so that all hits in green are associated with the same event. The building (ICL) in the top
view marks the position of the telescope.

event of triple coincidence. Displayed are the amount of light in IceTop on top of light signals in
the deep IceCube detector. The color indicates the time of the light detection. The graphs show the
corresponding SIPM pulses of the SIPM pixels from the IceAct Demonstrator. The event hit the
surface close to the IceCube counting house (ICL), the location of the telescope. The ICL building
is also visualized in the plot. Future goals of data analyses are to determine the energy threshold
and detection efficiency as a function of the distance to the shower axis. Here the reconstruction of
the air showers from IceTop and IceCube will be very helpful. This ongoing study will underline
the capability to run an array of IACTs at the South Pole.

4. Summary and Outlook

We have described the idea of an large IceAct array to veto cosmic rays for astrophysical neu-
trino detection with IceCube in the southern sky. First simulations of arrays suggest that 200-300
efficiently working IceActs could be sufficient for a veto detector enhancing IceTop or covering the
Galactic Center.

IceActs are small and robust telescopes that cost below 10k$. Being cost efficient they are a very
good candidate technology to be deployed and operated in large numbers for veto detectors. A
veto detector of the size of IceTop with an energy threshold one order of magnitude lower than the
IceTop veto results in an additional detectable astrophysical neutrino rate of the order of one event
per year dependent on the spectrum of the flux. Note that the presented IceAct array configuration
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with a covered FOV of 0° — 18° declination is even larger than IceTop resulting in an additional
increase of the detectable astrophysical neutrino flux.

A first IceAct demonstrator is successfully being deployed at the South Pole and is stably measur-
ing in coincidence with IceCube and IceTop cosmic ray air shower signals.

The next IceAct prototype will be deployed in 2017 and have a 61 pixel camera to cover 0.03 sr of
the sky for cosmic ray detection and to explore duty cycle and detection efficiency of this telescope
technology in situ.
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IceCube-Gen2, a future upgrade of the IceCube Neutrino Observatory, is designed to enhance
our ability to detect neutrinos above 10 TeV via a significant increase in instrumented volume
compared to IceCube. We expect an increased astrophysical neutrino detection rate of up to an
order of magnitude with IceCube-Gen2, using a combination of more instrumentation, larger
string spacing, and enhanced optical sensor performance. A new optical sensor module, the Dual
optical sensor in an Ellipsoid Glass for Gen2 (called "D-Egg"), which houses two 8" HQE pho-
tomultiplier tubes (PMTs) in a UV-transparent pressure-resistant glass with an optical coupling
elastomer, significantly improves photon detection efficiency in all directions. Its elongated me-
chanical shape is optimized for cost-effective instrumentation of optical modules and high photon
transmittance to PMTs. Furthermore, it is optimized to endure high pressures, as the ice re-
freezing period during detector deployment requires the module to withstand pressures up to 70
MPa. Additionally, D-Egg’s readout system takes advantage of advances in embedded computing
power, enabling simpler, more efficient event triggering and seamless event recording compared
to IceCube. Herein, we report on the design and properties of D-Egg’s components. A series of
laboratory measurements and detailed comparisons with the simulated design indicate that D-Egg
provides a technological solution for IceCube-Gen?2.
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1. Overview of D-Egg

The IceCube Digital Optical Module (DOM) is a successful, highly reliable optical sensor unit,
which has been running for more than 10 years with an extremely small (< 0.5%) post-deployment
failure rate. The IceCube deep ice array consists of 5160 DOMs and has enabled the observation
of rare high-energy neutrino events that consist of TeV-PeV cosmic neutrino fluxes over the the
background of atmospheric muons and neutrinos. The next generation experiment, IceCube-Gen?2,
enhances the system’s effective detection volume, with string separation distances increased by
a factor of two and a number of strings comparable to the current IceCube detector; Gen2 also
uses the ice 90 m above and 170 m below the IceCube detector. This design presents the significant
challenge of achieving improved performance with fewer strings in a given area. The D-Egg optical
sensor module was developed to overcome this difficult challenge.

An overview of the D-Egg’s design is presented in Fig. 1. Two 8” Hamamatsu R5912-100
HQE photomultiplier tubes (PMTs) are enclosed in an elongated UV-transparent pressure-resistant
housing that is 305 mm in diameter, in contrast with the current DOM, which consists of a single
downward-facing 10” Hamamatsu R7081-02 PMT in a spherical housing. The 10% reduction in
diameter compared to the IceCube DOM reduces the fuel needed for drilling to a depth of 2620 m
by 20%. The shape and material of the D-Egg’s pressure vessel have been carefully designed to
optimize Cherenkov photon detection as well as mechanical strength, which is required for stabi-
lization against the maximum pressure of 70 MPa during the hole refreezing period. Minimization
of noise expected from the glass material is also investigated. The detection of short-wavelength
(UV) photons is important for Cherenkov detectors because the Cherekov radiation has 1/A de-
pendence. The PMTs are optically coupled to the housing glass with a silicone elastomer that
also holds the upward- and downward-facing PMTs. The PMT base, called the high-voltage (HV)
board, consists of the HV module and PMT signal pulse-shaping circuits and is attached to each

space for
calibration devices;
e.g. lightsources,
camera, and light
sensors

—= optical coupling elastomer

PMT #2
(upward-facing)
plastic/silicone holder

UV transparent glass housing

silicone buffer
HV board for PMT #1
mainboard

magnetic shield

PMT #1
(downward-facing)

Figure 1: Structural overview of the D-Egg.
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PMT. The readout, control, and communication circuits are on the mainboard. The mainboard is
placed at the neck of the downward-facing PMT with an internal structure covering the PMT neck,
though the mainboard position is adjustable. A silicone buffer structure to connect the lower and
upper PMTs is sandwiched between the HV boards. An open space near the upward-facing PMT
can be used to install additional calibration devices such as the calibrated light sources [1] or the
ice camera [2].

The D-Egg has been developed for increasing effective photocathode area with an upward-
facing PMT that also gives an additional directional sensitivity [3], while keeping as much as
possible of the successful IceCube DOM design. Other innovative optical sensors are also under
investigation for the Gen2 detector, such as the PDOM [4], the MDOM [5] and the WOM [6].

2. Housing

We have determined the optimal glass thickness for photon detection and mechanical strength
to be 10 mm for the top and bottom of the glass sphere, where the PMT is sensitive, and 20 mm
for the side of the housing, to enhance mechanical strength. A series of pressure tests up to 70
MPa have been performed on the prototype D-Egg glass housing with and without the enclosed
PMTs in the high-pressure tank at JAMSTEC' in Yokosuka, Japan. We measured the mechanical
displacement of the glass under high pressure using three strain gauges (Kyowa KFG Series?)
attached to the inside of the housing glass. The experimental results were compared with those
from a simulation, as presented in the bottom panel of Fig. 2. The calculated strain €, displacement
per unit length, and measured strain show reasonable agreement, except that the measured strain
was smaller than the simulated strain by a factor of two near the top of the housing. While this is
conservative, we expect the difference to be due to a slight misalignment of the strain gauge, rather
than to an inaccuracy in the calculation.

Optical transparency is a key feature of the D-Egg glass. The new glass material was de-
veloped by Okamoto Glass® for high UV light transmittance and low radioactive noise. There is
a strong correlation between light transmittance for wavelengths shorter than 400 nm and the Fe
content of the glass. Table 1 shows this correlation and indicates that an Fe,O3 content of no more
than 0.006% by weight is required to achieve the target UV light detection efficiency (> 70% at
320nm). While the glass batch (the raw materials mixture for glass melting) itself was optimized
for low Fe content, when we measured the Fe,O3 content after glass construction with an X-ray
fluorescence spectrometer (XRF), we found that the Fe,O3 content differed for glass samples with
different construction methods. We observed an enhancement of Fe content from the batch contain-
ing samples indicated as H-3-G1 and H-3-G4 in Table 1. Further study identified that the process
involving the use of "cullet", which is broken glass from previous glass production, led to Fe con-
tamination from the older glass and the processes involved in cleaning and storing the cullet. An
updated production scheme achieved transmittance of 75% at 10 mm after reflection correction,
which is a significant improvement over the IceCube glass, as seen in Fig. 3.

!Japan Agency for Marine-Earth Science and Technology; http://www.jamstec.go.jp/e
Zhttp: //www. kyowa-ei. com/eng/product/category/strain_gages/kfg
3http: //www. okamoto-glass. co. jp/eng/
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Figure 2: The setup (top, left), vertical displacement simulation (top, right) and strain gauge measurement
results (bottom) of glass under 70 MPa pressure.

The PMTs are held and optically coupled by a silicone elastomer to the glass housing. The
thickness of the optical coupling elastomer is 5 mm, which is a factor of two reduction compared
to that of the IceCube DOM, enabled by matching the glass curvature with the cathode surface
curvature of the PMT. In addition to the light transmittance of the elastomer, its hardness is also
important, since it must provide good mechanical support for the PMTs while also being soft
enough to firmly adhere to the glass. Therefore, two silicone materials were developed for the
D-Egg by Shinetsu Silicone* for the best UV transmittance and optimized hardness, as shown in
the right panel of Fig. 3 and in Table 2. Both materials exceed a transmittance of 90% at 300 nm,
indicating that only a small effect is expected from UV absorption in the elastomer. The IceCube
gel referenced in the figure is RTV6136-D1 (General Electric), and later, a similar formulation
from Quantum Silicones that has a much softer texture.

The majority of dark noise in the IceCube DOM originates from its glass housing [7]. Cherenkov
light from the radioactive decay of K4 significantly contributes to the Poissonian noise component
as well as to noise from scintillation in the glass. The IceCube glass sphere contains a K,O con-
centration of ~ 0.03% by weight, which roughly corresponds to 100 Bq of beta decays per sphere.
With a similar K, O concentration, the effective noise per PMT can be reduced, because the amount

“http: //www. shinetsusilicones. com
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Figure 3: Optical transmittance of the D-Egg housing glass (left) and optical coupling silicone elastomer
(right). The glass transmittance was observed as being up to 75% at 320 nm and 40% at 300 nm, a significant
improvement over the current IceCube glass.

Sample Fe, 03 Transmittance
(thickness) by weight [%] at 320 nm [%]
H-3-G1 (10 mm) 0.0095 61.7
H-3-G4 (10 mm) 0.0155 39.1
DEgg-1705 (10 mm) 0.0061 74.4
IceCube (12.7 mm) unknown 10

Table 1: The Fe content and transmittance of glass.

Sample Hardness Transmittance Refractive index
at 300 nm [%]

X-32-3547 (5 mm) phenylmethyl silicone Asker C 18 91.7 1.43

X-32-3539 (5 mm) methyl silicone Penetration 35 95.5 1.4

IceCube gel (10 mm) Penetration ~40 ~065

Table 2: The hardness and transmittance of silicone elastomer.

of glass facing each PMT is reduced for the D-Egg, which has thinner glass. However, further
reduction is desirable for two-PMT designs to maintain a low power consumption and data rate.
In the glass candidate sample H-3-G1, potassium content in the form of K,O was artificially sub-
stituted to reduce the melting temperature and speed up the glass melting process. The newly
developed D-Egg glass, DEgg-1705, replaces K,O with Na,O to reduce radioactive noise from
K49. The K,O fraction by weight of the DEgg-1705 was measured as 0.0135 4 0.0023% via
XRF, which corresponds to a reduction greater than a factor of two compared to the IceCube glass.
XRF also found no scintillation candidate materials, such as a cerium-containing compound. The
batch of DEgg-1705 glass was also investigated by using a germanium semiconductor gamma-ray
spectrometer (GSGS) for possible contamination by gamma-ray-emitting radioactive material. The
GSGS observed a rate of gamma rays from K49 which correspond to 0.74 +0.09 Bg/kg. While the
near-PMT surface thickness is reduced, the glass material is enhanced on the side of the sphere. A
more precise estimate of the dark rate of PMTs due to radioactive material in the glass and from
the other effect will require improved and detailed GEANT4 simulation and lab measurement.
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Sample K,O Radioactivity Linear expansion Refractive index
by weight [%] [Bg/kg] coefficient

H-3-G1 0.73 166.4 54.23x1077 1.49

DEgg-1705 0.0135 £ 0.0023  0.7440.09 53.98x 1077

IceCube (ref. [7]) ~0.03 ~10 unknown

Table 3: The potassium content, gamma-ray emitting radioactivity, expansion coefficient, and refractive
index of different glass samples.

HV module

Toroidal core

Custom PMT socket

Figure 4: PMT socket with HV board.

3. HV module

We developed an HV board for the D-Egg with a divider circuit for the PMT and pulse-shaping
and signal-coupling circuits from the cathode-grounded PMT signal using the Matsusada OPTON-
2PE-12-09 HV module. The stability and characteristics of ripple in the level of 2mV,, of the
HV module were found to be satisfactory. Signal coupling from the PMT DC voltage is achieved
using a transformer circuit, as in the IceCube DOM, with a TDK H5C2T31x8x19 toroidal core. A
prototype HV base is shown in Fig. 4. The custom PMT space-saving socket enables us to install
the HV board to the PMT easily, though in the final design the part may be replaced by direct
soldering for cost efficiency.

4. Magnetic shield

The performance of the PMT is influenced by a local magnetic field such as that of the Earth.
The impact of this effect can be reduced by shielding the PMT with high-permeability materi-
als. There are two options for magnetic shielding for the D-Egg module. One consists of a cage
made with mu-metal wires around the photocathode surface PMT, designed similarly to that of the
IceCube DOM. The other is made with FineMet™foil, which can be wrapped in a conical shape
around the PMT neck, similar to that of the Daya Bay experiment optical sensor [8], as shown in
the left panels of Fig.5. The performance of each shield was examined by applying a homoge-
neous magnetic field to a direction perpendicular to the central axis of the PMT. A bare PMT was
illuminated by 380 nm laser picosecond pulser (Hamamatsu)’. The detection efficiency u (which

Shttps: //www. hamamatsu. com/jp/en/product/category/1001/5003/M10306-27/index. html
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Figure 5: Magnetic shields. Left: (top) mu-metal cage, (bottom) FineMet cone. Right: The light detection
efficiency parameter 1 as function of the applied magnetic field.

is proportional to the collection efficiency, quantum efficiency, and light intensity) was measured
as a function of the applied magnetic field, as shown in the right panel in Fig. 5. Due to its cost
effectiveness and ease of integration, the conical shield is currently considered the default option,
although low-temperature performance tests must still be performed.

5. Data Acquisition and control System

The readout and communication between surface control units and deep ice optical modules
are on a circuit board called the mainboard. The mainboard design is similar to that of the PDOM
[4], except for the additional digitizer for the signal from the second PMT. The system architecture
of the D-Egg is shown in Fig. 6. The requirements for deep-ice neutrino detection are a power con-
sumption of <4 W per module, wide dynamic range from 0.1 of a single photo-electron (PE) signal
to more than a thousand PEs, ns-level timing accuracy for PMT pulses, and data transmission rates
of greater than 1 Mbps. Furthermore, once an optical module is installed in the South Pole glacial
ice, it cannot be replaced. Therefore, long-term reliability is one of our highest design priorities.
In this contribution, the default design is shown, though the system is still being optimized. The
cathode-grounded PMT current signal on the DC high voltage for each PMT is read out through a
separate analog front-end that shapes the signal. The shaped signal is digitized by an ADS4149, 14-
bit, 250-MSPS ADC with 265 mW of total power for each PMT. Digital processing is performed
in a field-programmable gate array (FPGA). A single FPGA (Cyclone V SCEFA7F23C7N) takes
the continuously digitized waveforms from two digitizers and applies flexible triggering, such as
a voltage threshold or local coincidence between the signal from two PMTs. The mainboard also
contains the HV control system with 8-bit digital-to-analog converter (DAC) and communication
hardware to interface to the communication card on the surface counting house, including timing
calibration and power management.

6. Summary

All necessary components of the D-Egg IceCube-Gen?2 optical module have been designed,
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Figure 6: Mainboard block diagram. This low power consumption mainboard is responsible for readout
and digitization of PMT signals, communication with surface control units, monitoring and calibration. Two
digitizers, one for each PMT, continuously digitize waveform signals from PMTs, to be processed in an
on-board FPGA.

and the second batch of prototype modules is being produced. D-Egg’s elongated shape and
upward-facing PMTs are new to IceCube, and its cost-effective construction of a deep-ice array
of optical sensors establishes good angular resolution for all directions currently being studied [3].
While maintaining the successful design architecture of the IceCube DOM, D-Egg has successfully
improved upon several of its major components.
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The planned extension of IceCube, IceCube-Gen2, a cubic-kilometer sized neutrino observatory,
aims at increasing the rate of observed astrophysical neutrinos by up to a factor of 10. The
discovery of a high energy neutrino point source is one of its primary science goals. Improv-
ing the sensitivity of the individual modules is a necessity to achieve the desired design goal of
IceCube-Gen2. A way of improving their sensitivity is the increase of photocathode area. The
proposed module called the D-Egg will utilize two 8" Hamamatsu R5912-100 photomultiplier
tubes (PMTs), with one facing upwards and one downwards. These PMTs have an increased
quantum efficiency and their sensitivity is comparable to the 10" PMT used by IceCube. This
essentially leads to an increase in sensitivity by almost a factor of 2 with a full 47 solid angle
acceptance. A simulation study is presented that indicates improvement in angular resolution
using current muon reconstruction techniques due to the new sensor design. Since the proposed
module is equipped with an upward facing PMT, further emphasis will be set on the development
of new reconstruction techniques that exploit this geometry, as well as an improvement of veto
probability for incoming muon tracks, which is crucial for neutrino astronomy in the Southern
sky.
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1. IceCube Gen2

The IceCube neutrino observatory at the geographic South Pole is a cubic kilometer array of
photosensors which is able to detect the faint Cherenkov light produced by secondaries from inter-
actions of neutrinos with the glacial ice [1]. So far, the experiment has yielded a plethora of science
results, among them the discovery of a neutrino flux most likely of extraterrestrial origin [2]. After
6 years of data-taking, with the completed detector, a precise measurement of the extraterrestrial
neutrino flux is still limited by statistics. To overcome the statistical limitations and to improve the
effective area for neutrino events in the energy regime beyond 10 PeV as well as the point source
sensitivity, an extension of the IceCube array has been proposed [3]. The proposed geometry for
IceCube-Gen?2 considered in this work is shown in Figure 1. The geometry shows a larger exten-
sion in the x-y plane than in depth. It is optimized for the reconstruction of horizontal muon tracks,
since these have the highest contribution to the point-source sensitivity [4].
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2. The D-Egg sensor for Gen2

Several different sensor designs for IceCube-Gen2 are under investigation. However relevant
for this study are the following two proposed designs:

» The PDOM [5], which is basically the same design as the IceCube optical sensor [6], however
with a PMT with a higher quantum efficiency. It features a single 10" PMT which is facing
downwards and a improved readout.

» The D-Egg [7], which follows the design of the PDOM, however includes another PMT
facing upwards. The PMTs are 8", so the total diameter of the D-Egg is slightly smaller than
the PDOM and it has about 1.48 more photocathode area than the PDOM for a Cherenkov
weighted spectrum.
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Due to high drill costs at the South Pole, it is desirable to deploy sensors with a large photocathode
area to keep the cost for the average cm? photocathode as low as possible. The high drill costs can
be reduced by drilling holes with a smaller diameter. As the diameter of the D-Egg is 10% smaller
than the diameter of the PDOM, about 20% of the fuel cost can be saved during deployment. A
graphic of the D-Egg with its dimensions is shown in Figure 2. The two Hammaatsu R5912-100
high quantum efficiency PMTs are enclosed in a highly transparent glass housing, which is opti-
mized for transparency in the near ultraviolet. The high voltage for the PMTs is generated on two
boards, and the final design will feature a board for readout electronics as well. In this proceed-
ing, we investigate the performance of the D-Egg using several existing reconstruction methods
developed for IceCube and compare the results against the benchmark PDOM performance.

2x R5912-100 8-inch PMT

penetrator

2x HV generator board

pressure resistent glass housing

Figure 2: A schematic of the D-Egg design. It features two 8” PMTs enclosed in a highly transparent glass
housing, Its diameter is 10% smaller then that of the current IceCube optical module.

3. Simulation

We simulated muons from an E~!* power-law spectrum in the energy range of 10 TeV to 10
PeV with a full 47 angular distribution. The muons were injected at a cylindrical surface enclosing
the detector and then propagated through the ice. The light emerging by stochastic energy losses
of the muons as well as the smooth Cherenkov light were simulated and the photon propagation is
handled by the direct propagation code developed for IceCube. The simulation features a bulk ice
model which means that the ice is homogenous throughout the detector. As the direct propagation
of photons is computationally consumptive, the detector simulation for D-Egg and PDOM are
sharing the same photon simulation as input, which means that the photons have been simulated
once and then the simulation branches into the different types of detector simulation. To further
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increase the simulation efficiency, several simplifications were made. The effects of glass and gel
and the module geometry are not simulated individually. Instead the photons are weighted with
the angular sensitivity of the module as well as the wavelength dependent quantum efficiency. The
efficiency of the photocathode is assumed to be constant over the whole area. To further increase
the efficiency of the simulation, the size of the modules is scaled up and the number of propagated
photons is decreased accordingly.

The noise introduced by the PMT and the glass housing is simulated in the same way for D-Egg
and PDOM, however with absolute values scaled by the photocathode area. Further simplifications
are made in the PMT and sensor simulation. The PMT simulation is done as for the PMT used in
IceCube, as they are very similar in their behavior. The benefit of this is that the same simulation
chain can be used for D-Egg as well as for the IceCube DOM and PDOM. As the readout electronics
for the D-Egg is not yet finalized, we assume a perfect readout with an infinitesimal small binning
in time. The IceCube array, as part of IceCube-Gen2 has been simulated to our best knowledge.

= — PDOM —— DEgg (x0.67) — pegg  Figure 3: The results of the SPEFit reconstruc-
§¢ 100= tion for both sensors, D-Egg and PDOM binned
%‘% 05— W in the cosine of the simulated muon direction.
2= The D-Egg effective area is scaled down by
S I | a factor of 0.67 to match the PDOM effective
0.8 area. Muons with a cosine of -1 are entering
07 the detector from below, those with 1 from above
respectively.
5 0.6

0.5

0.4

0.3
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cos(Opc)

4. Muon reconstruction

The simulated dataset was reconstructed with a set of algorithms. In this study we focus on
the reconstruction algorithms SPEFIT and SPLINE-RECO [8]. The algorithms operate on the
reconstructed pulses, each using a different method. While SPEFIT uses a simple analytical ice-
model and a likelihood with one term per optical module, where only the first registered pulse
is considered, SPLINE-RECO is capable of constructing a likelihood with a probability density
function (pdf) obtained from tabulated values, and thus is able to also include more complicated
models for the glacial ice. To compare the accuracy of the reconstruction results, we looked at the
distributions of the opening angle W between the simulated and reconstructed track. The median
of this distribution is used as a figure of merit. No quality cuts have been applied, yet we restrict
ourself to tracks which traverse the instrumented volume.

We aim to investigate the impact of the increased photocathode area and segmentation on the re-
construction independently. As such, we work with different types of D-Egg simulation:
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» Simulation of the D-Egg “as is” as described in section 3.

» The same as above, however the effective photocathode area is scaled down by a factor of
0.67 to match the photocathode area of the PDOM

» Simulation of the D-Egg where either the upward or downward facing PMT is disabled.

All types of simulations share the same simulated photons, but then branch in different detector
simulations. First, the behavior of the two individual PMTs is studied. As the simulation has up-
down symmetry, we expect the same performance for the datasets with only pulses in the upper or
lower PMT. The results for the SPEFIT reconstructions is shown in Figure 3. All reconstructions
perform best for more horizontal events due to the fact that the Gen2 geometry is elongated more
in the x and y dimension than in the z dimension. This means that horizontal tracks cross a larger
instrumented volume. Also as the string spacing is 240 m, vertical tracks have a lower light yield
if they enter the detector in between strings. For upward-going muons, if only the lower PMT of
D-Egg is used as reconstruction input, it can be seen that the performance is slightly better than
for the upper PMT only, and vice versa for downward going muons. The SPEFIT reconstruction
yields a higher accuracy for the D-Egg sensor, which we quantify to be about 5% in the horizontal
and downward region due to the segmentation of the D-Egg only as we here compare to the scaled-
down version. We attribute this to the fact that SPEFit uses only the first pulse recorded by each
PMT, and the doubling of PMT thus increases the number of pulses available to the reconstruction,
especially for the downward region.

The performance SPLINE-RECO of the reconstruction is shown in Figure 4. The D-Egg exhibits
up to 15% higher accuracy in reconstruction especially in the horizontal region, which is important
to point source searches [4]. The reconstruction in the downward going region yields more accurate
results with D-Egg as well. Comparing the results as a function of the true muon energy Ejc as it
is shown in the right panel of Figure 4, the SPLINE-RECO reconstruction gains for D-Egg due to
the higher photoelectron (PE) yield. However it seems that most of the gain results from the larger
photcathode area of D-Egg.

5. Likelihood improvements for segmented sensors

Figure 4 shows that the increase in reconstruction performance for the D-Egg seems to be
attributed mostly to its larger total photocathode area. Thus, we investigate the details of the
SPLINE-RECO reconstruction. Developed for IceCube, the here used likelihood is not optimized
for segmented sensors, and thus it does not exploit their full potential. The likelihood is given by

[8]:

Npom

L= ][] N-pj@t;)- (1=Pj(:))M" (1)
j=1
In the above equation, N stands for the number of hits on a certain optical module, p; and P; are
the time residual pdf and cumulative density function for the hit DOM and ¢; is the time of the
first hit of the given DOM. Contours of this likelihood function can be seen in Figure 5. This
simplified example illustrates the likelihood space for a single module, placed in the middle of the
individual figures. A muon track crosses the plane of the figure orthogonal in 120 m distance. In
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Figure 4: The results of the reconstruction SPLINE-RECO, binned in the cosine of the simulated muon
direction on the left and binned in the logarithm of the muon energy on the right. Muons with a cosine of -1
are entering the detector from below, those with 1 from above respectively.

this example, the sensor detects 20 photo electrons with arrival times given by the time residual pdf.
The 10 contour for the likelihood developed for the IceCube DOM is shown with the two circles
with the red color. As it can be seen, the direction of the individual PMT imposes only very small
constraints on the red likelihood contour. As a reason, we suspect the importance of the late photo
electrons in the arrival time distribution. In the current approach, the likelihood is constructed by
the use of the timing of the first photo electron and the number of total hits, but does not account for
the timing of later photo electrons. Extending equation 1 to include the arrival times of all photo
electrons can improve the likelihood. This new likelihood is illustrated in the example in Figure 5
with the blue contours. It allows for a more precise determination of the track position, which in
total will most likely lead to a better angular resolution of the overall reconstruction algorithm. The
IceCube-Gen?2 collaboration is currently working on a reconstruction implementing this approach.

6. Veto performance

An effective method to select an all flavor neutrino sample with high purity and full sky accep-
tance is the implementation of a veto: Using the outer strings and top and bottom layer of optical
modules, incoming muon tracks can be tagged and removed from such a sample. The method has
been proven successful and lead to the discovery of the extraterrestrial neutrino flux [2].

The method has been applied and studied for IceCube-Gen2 [9]. In the context of this proceedings
we are investigating the impact of D-Egg on the efficiency of the veto algorithm. An important
parameter of the current algorithm is the veto threshold, which is the charge required in the veto
region to trigger the veto, which is currently set to 3 PEs. Since the D-Egg has an upward facing
PMT, we expect a higher performance for downward going cosmic ray muon tracks. Due to the
D-Eggs larger photo cathode, we also expect a higher probability to detect charge in the veto region
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Figure 5: Likelihood contours of two different likelihoods for a single D-Egg sensor in case of a muon
traversing the plane in orthogonal direction. The red contour results from the likelihood used in SPLINE-
RECO, the blue contour is a proposed likelihood considering the timting of the late pulses in the arrival
time distribuiton. On the left, the contours are shown for the lower PMT only. The contours are base on
an Asimove sample. The middle plot shows the situation for the upper PMT and on the right the combined
contours of both PMTs are shown.

at all. This is illustrated in Figure 6: The distribution of collected charge for the upper 2 layers of
modules of the IceCube-Gen2 geometry results in a higher probabilty to veto incoming muons.
Further impact of the use of D-Eggs in the veto region is currently under investigation.
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7. Summary

For the first time, we present a study of muon track angular resolutions with current reconstruc-
tion techniques used by IceCube for the proposed extension IceCube-Gen2. We compare a new
sensor design, the D-Egg, to an improved sensor based on the current IceCube design (PDOM).
The angular resolution for common reconstruction algorithms in IceCube were studied for both
sensors with a full-sky muon simulation and we find an improvement of the angular resolution of
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D-Egg of about 20% compared to PDOM. The major part of the improvement can be attributed
to the larger photo cathode area of D-Egg. Investigating the fact that segmentation of the sensors
seems to have only a small impact on the reconstruction result, we find that there are no existing
reconstruction methods that fully take advantage of the module segmentation. Efforts are ongoing
to develop a reconstruction that more accurately incorporates late photon timing information, and
thus exploits all of the information provided by the D-Egg module. Besides the improvement in
angular resolution, we show that the veto performance for the current implementation of the Ice-
Cube veto can be improved by using D-Eggs as well. We studied the deposited charge in the upper
layer of the IceCube-Gen2 array and find a significant increase in the low charge region around the
3 PE threshhold. In conclusion, we find that we are on a good track to improve the current IceCube
reconstruction and veto techniques to exploit the full potential of new approaches in sensor design
for IceCube-Gen?2 and encourage further, more detailed studies to follow.
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by cosmic-ray particles in the atmosphere. A successful method to distinguish neutrinos from
this background selects only events that start inside the detector. This can be accomplished by
defining a veto layer in the outer region of the detector and considering the amount and timing of
Cherenkov light detected in this region.

For the IceCube-Gen2 high-energy array the definition of the veto has to be optimized and new
techniques will be introduced, as the geometry will be different and the distances between the
optical modules will be larger than in IceCube. In this contribution we present the results of a
data-driven analysis that uses real IceCube data to estimate the expected veto energy threshold. In
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1. Introduction

The IceCube neutrino telescope is the first detector that successfully identified a flux of high-
energetic astrophysical neutrinos. However, the statistics are limited, and it has not yet been pos-
sible to identify the sources of these neutrinos. To obtain more astrophysical neutrinos, a major
upgrade, IceCube-Gen2, is in planning, that will increase the detection volume by an order of
magnitude [1]. The main background for neutrino telescopes are muons produced by cosmic ray
showers in the atmosphere. An effective method for the reduction of this background is the ap-
plication of a veto against incoming tracks. This can be done by the installation of surface veto
hardware like air shower arrays or air cherenkov telescopes. Another approach that does not de-
pend on additional hardware for an alternative detection technique is the application of self-veto
algorithms, which has been successfully done for IceCube. Transferring these filters to a detector
that is less densely instrumented and bigger, will influence the performace of the veto. Therefore,
the algorithms have to be adapted to the expanded geometry. In addition, new developments can
increase the veto power.

2. IceCube-Gen2

IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South Pole
[2] between depths of 1450 m and 2450 m, completed in 2010. The reconstruction of neutrino di-
rection, energy and flavor relies on the optical detection of Cherenkov radiation emitted by charged
particles produced in the interactions of neutrinos in the surrounding ice or the nearby bedrock.
A large number of results obtained using the IceCube detector (e.g.[3, 4, 5, 6]) have proven the
scientific value of a Cherenkov neutrino telescope in the Antarctic ice sheet. However, the energy
range and the event rate is limited by IceCube’s current configuration and volume. To obtain a
higher rate of events, an upgrade to the existing detector is in its planning phase (see Figure 1).
One part of this upgrade is the extension of the current in-ice geometry by adding strings around
the existing detector. The volume of this high-energy extension will be a factor of ten higher than
the current detector, so the rate of high-energy neutrino events will increase by an order of magni-
tude. The goal is to obtain a much larger sample of events in order to investigate the sources of the
high-energy neutrinos observed by the IceCube detector.

In the current planning, 120 new strings will be added around the existing configuration (IC86).
Three layouts are under consideration, called sunflower, edge-weighted and banana geometry (see
Figure 2). For the edge-weighted geometry, the string spacing is 240 meters for the inner strings and
125 meters for the outer strings. For the banana geometry, strings are separated by 235 meters. For
the sunflower geometry, three different string spacings (200, 240 and 300 meters) are considered.

In contrast to IC86, the proposed geometries are not arranged in a hexagonal grid. Instead,
a spiral geometry was chosen. This will improve the directional reconstruction of tracks, as no
azimuthal directions will be preferred by certain planes in the grid. The most important difference
between the current IceCube configuration and Gen?2 is the increased string spacing, ranging from
200 to 300 meter, which decreases the total amount of light that will be received in each event. This
will influence not only the resolution on reconstructed energy and direction, but also the efficiency
of filters to select events which start inside the detector. The new strings are planned to carry 80
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DOMs each, 20 more than the existing strings. Six of the additional DOMs will be placed above
and 14 below the region covered by IC86.

Surface Array

Figure 1: Schematic view of IceCube-Gen2. The detector includes the main array and densely
instrumented core, as well as a large surface array and an array of radio detectors.

y [km]

5 2 1 0 1 R e R
x [km] x [km)] x [km]
Figure 2: Different layouts for the high-energy in-ice extension. Left: sunflower geometry, center:

edge-weighted geometry, right: banana geometry

3. The HESE filter

The trigger rate of IceCube is about 2.5 kHz. Of these events, only few per year can be
identified as astrophysical neutrinos. The observation of a cosmic neutrino flux requires effective
filters that select most of the signal events while removing a large fraction of the background. In
IceCube this has been achieved in the High-Energy Starting Event (HESE) analysis [3]. The HESE
filter was designed to identify high-energy events with an interaction vertex inside the detector
volume. This way only neutrinos will be selected, as incoming muons will emit light while entering
the detector. If the first light of an event is recorded at the edge of the detector, the filter rejects this
event, producing a neutrino sample of high purity.

For the HESE filter a certain part of the detector is defined as a veto region. Figure 3 shows the
IceCube detector with the veto region indicated by a grey band. A layer of 90 meters at the top of
the detector is included to classify down-going atmospheric muons. To identify muons entering the
side of the detector, the strings at the edge of the detector are also included. At the depth of 2000 m
- 2100 m, the scattering and absorsorption lenghs of light are significantly decreased due to a dust
layer in the ice [7]. As muons could enter the detector undetected here, the DOMs in the bottom of
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this region are also included in the veto layer. Additionally, DOMs in the bottom 10 meters of the
detector are included.

The following procedure is applied to identify starting events. The earliest possible time win-
dow of 3us is selected that includes at least 250 photo electrons (pe). If during this time window,
the number of hits N inside the veto layer is larger than three, or the total charge Q of these hits
exceeds 3 pe, the event is tagged as an incoming track. As low-energy background muons can pass
the veto layer while depositing less than three hits, an overall charge threshold Q;,, > 6000 pe is
applied. Low-energy muons passing very close to one of the DOMs can deposite a very high charge
and thus surpass the threshold. To avoid these balloon events from falsely entering the selection,
DOMs are excluded from the calculation of the total charge if they contribute more than 50% of
the total charge.

| . : 5 : : : : «-1450 m
: vetoregion : I 90 me:ters : |
ﬁducial vdlumé
\1{25 meters : : : :
- +-2085m
: I8_0 meters : !
: : : : <-2165m
veto region ﬁduc!al vo:Iums%'
Pl «idmetersi i .2450m
Top Side

Figure 3: Top and side view of the IceCube detector. The veto region for the HESE veto is indicated
as a gray area.

4. Performance of the HESE veto for Gen2

The HESE filter was designed and optimized for the dimensions and layout of IceCube. How
the filter performes for a different geometry is a question that has to be addressed. One approach
would be to use full simulations of the proposed detector layouts. However, the simulation of
enough statistics for each geometry is computationally expensive. Another disadvantage is that
systematic uncertainties will be included in the simulation.

Instead, a data-driven approach has been investigated in order to evaluate the passing rate for
a detector with a string spacing of Gen2. To do that, one year of data taken by IC86 was processed
as described in the following. First, IceCube strings are removed from the geometry in order to
mimic the wider string spacing (250m) of Gen2. The geometry before and after the removal of the
strings is shown in Figure 4.

Data form 2011 were used for this analysis. Before any string removal, the veto is applied for
the full detector in order to select the events. Only events crossing the veto region are included, so
that the sample consists of entering tracks only. After this, strings are removed from the geometry
according to the new geometry and the veto is applied the same way as for the full detector.

Figure 5 displays the passing number as a function of the total charge deposited in IC86,
which is a variable highly correlated to the energy. The blue points represent all the entering tracks
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in the sample and the green squares show the passing events in the sparse (250 m) detector. For
comparison, the rate of passing events for the full detector are shown as red triangles. This was
calculated by defining a second veto layer at the edge of the fiducial volume and counting the
incoming events that are not rejected by the second veto. The dashed lines are the exponential fit

to the data.

This study implies that applying the veto in the current configuration to a detector with in-
creased string spacing will lead to an energy threshold (20000 pe) that is a factor of 3 higher

compared to the corresponding threshold for IceCube (6000 pe).
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Figure 4: Left: top view of the IceCube detector. Strings that are completely used as veto are
marked as red dots. Right: Top view of IceCube, after removal of strings from data to resemble a
detector of increased string spacing.

Figure 5: Number of background events passing the HESE filter before and after the removal of

strings.
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5. Development of new Veto

While a detector with a sparser grid can be evaluated using recorded data from IceCube, it
is not possible to determine the effects of the increased size of Gen2 in this way. To investigate
the efficiency of an in-ice self-veto for IceCube-Gen2, two sets of simulated data were generated.
The background simulation made use of a parametrization of the in-ice muon flux, which was
determined by simulating air showers and propagating the muons through the ice. The particle
properties (energy, direction, position) were sampled from the predefined probability distributions,
and then weighted to correspond to the primary cosmic-ray energy spectrum [8].

For the signal flux of atmospheric neutrinos, cascades were simulated uniformly throughout
the detector volume. This provides a good approximation for neutrino induced interactions and
is consistent with the position of the observed HESE events [3]. The simulated signal data set is
weighted to the astrophysical neutrino flux, determined by IceCube:

E*¢(E)=1.5-10"%(E/100TeV) ** GeVem 25 sr! (5.1)

Figure 6 shows the energy distribution of the expected background and signal events. The
ratio of the signal rate over the background rate shows how much the background has to be reduced
to reach the level of the signal rate. At energies of 30 TeV and 100 TeV, the passing fraction of
background should be smaller than 0.007% and 0.3%, respectively.
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Figure 6: Predicted rates of signal and background events (single muons) in the sunflower 240
geometry as a function of the true energy before the muon enters the detector volume. The signal
corresponds to the astrophysical neutrino flux of Equation 5.1. The plot shows the rates before the
application of a veto.

To improve the background reduction for IceCube-Gen2, a new filter technique was developed
as described in the following. As in the HESE procedure, balloon DOMs are removed from the
events. Then a time window of 1 us is shifted until it contains more than 10% of the total charge.
The last hit of this time window is defined as a reference hit. If the number of causally connected
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hits that occur in the veto region before the reference hit exeeds a certain number N, the event will
be identified as incoming particle and removed. A hit is considered to be causally connected to the
reference hit if the condition |Ax/c — At| < Aty is fulfilled, where Ax is the distance between the
DOMs, At the time difference, and Afp,« an adjustable parameter.

In this algorithm, several parameters can be optimized to achieve a sufficient background
rejection. One set of parameters concerns the selection of the reference hit: the size of the time
window can be tuned as well as the fraction of the total charge that is required to be collected in this
time window. Another set refers to the selection of hits in the veto layer: the maximal number of
hits Nmax and the causal constraint (Af)m,y. Finally, also the configuration of the veto layer itself,
specifically the number of DOMs in top layer, can be optimized.

In Figure 7, the fraction of passing background events is plotted against the signal efficiency
for different veto hits and time constraints. With a low number of allowed veto hits N,;; and a
high causal constraint (Af)max, the background can be reduced by 3 orders of magnitude while
keeping more than 60% of the signal for energies larger than 200 TeV. Additionally, the expected
number of signal events per year is shown for different geometries. This plot demonstrates that the
performance of the edge-weighted layout is inferior to the sunflower geometries for every energy

region.
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Figure 7: Left: Background vs. signal efficiency for different maximal hits in the veto layer Npyax
and different causal constraints Aty,x. The geometry configuration is sunflower 240 and a lower en-
ergy cut at £ > 200 TeV is applied. Right: Expected signal events per year against the expected pu-
rity of the event sample for different detector geometries with lower energy cuts at 50 TeV, 70 TeV
and 100 TeV. For each point, the parameters that maximize the purity are used for the veto. For both
plots, the reference hit was chosen using a 1 us time window that contains 10% of the total charge.
The veto configuration includes the top 12 DOMs of GEN2 and the top 6 DOMs of IceCube.

6. Summary

Self-veto algorithms are a powerful technique for neutrino telescopes to filter the background
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of incoming atmospheric particles. They played a key role in the discovery of the flux of astrophys-
ical neutrinos. We have shown that the application of the current IceCube filter to a detector with
larger string spacing would increase the energy threshold by a factor of three. Therefore new filters
have to be developed and optimized for a new detector geometry. These studies imply that the sun-
flower geometries will show a better performance with a in-ice self-veto than the edge-weighted

layout.
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The recent discovery of high-energy astrophysical neutrinos and competitive measurements
of neutrino oscillation parameters by IceCube motivate a next generation Antarctic neutrino
observatory. IceCube-Gen?2 is a proposed extension to the current IceCube detector, which uses
the extremely clean Antarctic ice as detector medium. While intense calibration efforts with LED
flashers have resulted in a good understanding of the ice, ice properties still dominate systematic
uncertainties in most analyses. To improve our knowledge of the ice, we propose a novel camera
system integrated within the optical sensor modules. The camera system can be installed on all
new optical sensor modules to determine their location and orientation and study ice properties.
We describe how this system will help us to improve our understanding of the ice. We present a
prototype system and simulation that demonstrates its merit.
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1. Introduction

The recent discovery of high-energy astrophysical neutrinos by IceCube [1, 2] as well as other
results like the competitive measurement of neutrino oscillation parameters [3] have led to studies
on possible extensions to the IceCube detector. IceCube-Gen?2 [4] is a planned extension to Ice-
Cube with an increased detector volume of several cubic-kilometers and a new in-fill array in the
current IceCube/DeepCore volume. The upgrade is based on the well proven design concept of
IceCube and re-uses its fundamental components.

In IceCube a multitude of calibration devices including two bright calibration light sources
called the Standard Candles, retrievable laser systems in the drill holes [5], and LED flashers have
resulted in a detailed understanding of the optical properties of the Antarctic ice [6, 7]. The LED
flashers, which are twelve radially outward pointing 405 nm LEDs located on each Digital Optical
Module (DOM), are indispensable for the most advanced models of ice properties, as they provide
calibration points throughout the detector [6]. Despite successful calibration efforts, the under-
standing of our detector medium can still be refined. In particular a detailed measurement of the
refrozen ice in the drill hole promises improvements [8].

In 2010, two special devices, known as Swedish cameras, were deployed below the deepest
DOM of IceCube string 80. They are housed in separate glass spheres 5.8 m apart at a depth of
~2455 m [7]. The cameras locally monitored the freeze-in process of the string and observed the
formation of the refrozen hole ice. The system found unexpected dust deposits and that the refrozen
drill hole contains a central, small region of short scattering length, referred to as bubble column.
Motivated by the success of the Swedish camera system, we propose a similar but low-cost system
to be directly integrated with future optical sensor modules. The main goal of the new system is
to add survey capabilities to our sensor modules and to perform ice property measurements. There
is good reason to expect that the environments around each DOM could differ significantly, for
example resulting in a non-uniform azimuthal acceptance. With our proposed system the local
ice environment can be determined. We introduce the objectives for our camera system in section
2 and then describe simulations to determine camera specifications in section 3. In section 4 we
discuss design criteria and prototypes before concluding in section 5.

2. Camera System Objectives

The camera system is expected to conduct quantitative measurements of the ice properties and
to deliver qualitative survey information that can be critical to interpret other calibration measure-
ments. It is expected to have a large variety of applications, their relative importance is set by
maximizing complementarity to other calibration methods with the overall goal to improve event
reconstruction and to reduce ice related systematic uncertainties in analyses. Figure 1 provides an
overview of potential measurements and their relative importance. As cameras and LEDs will not
be absolutely calibrated the measurements need to rely on relative quantities.

2.1 Measurement of optical properties of the ice

The properties of the bulk ice, the undisturbed Antarctic ice, can be determined by observing
the shape of the scattering halo of LEDs on adjacent strings. Absorption length and anisotropy
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Figure 1: Schematic drawing to illustrate potential camera measurements including geometry (#G), hole ice
(#H), and bulk ice (#B) are shown on the left. Relative priorities based on uniqueness of the measurement
and complementarity to standard calibration measurements are shown on the right.

might be measurable by comparing the collective image from multiple cameras and LEDs. The
hole and bulk ice interface could be observed in reflected light from LEDs and cameras on the
same sensor. The measurement might be aided by comparing in-ice with in-water data.

2.2 Geometry Calibration

Deployment records are combined with LED flasher measurements in ice [7] to determine the
position and orientation of the IceCube DOMs with high precision. Cameras could complement
these well established geometry calibration methods and improve them or reduce calibration time.
The main benefit of the cameras is expected to come from determining the positioning of the
sensors within the drill hole.

2.3 In-water operation and Freeze-in process

The cameras can monitor the formation of ice and detect impurities. The system can provide
fast feedback if degassing and filtering of drill water, which has been proposed for future drill
operations, is effective. In-water data could be critical to understand hole ice formation and provide
reference data to in-ice measurements at later times. While 98% of IceCube DOMs are working
well, past failures have almost exclusively occurred during the freeze-in and deployment phase,
hence camera operations in water would have to proceed with extreme caution.

2.4 Hole ice measurements

Cameras are expected to map the hole ice shape and to determine DOM positions relative to
the hole ice walls. The position and extent of the bubble column can be determined and impurities
can be located. The hole and bulk ice interface is expected to be visible from reflected light of
LEDs within the same hole. However, images from the Swedish Camera suggest that this interface
is not very prominent.

48



A camera system for IceCube-Gen2 M. Jeong

3. Camera simulations

To determine the camera hardware requirements and the optimal positioning of the LEDs and
cameras, we run simulations and conduct image data analyses. Modeling realistic glacial ice, we
determine camera requirements on angular resolution, sensitivity, and LED brightness and wave-
length requirements to conduct the proposed measurements. We first introduce the basic simulation
and image reconstruction before focusing on one example camera measurement, which was studied
in great detail with our simulations. Additional simulations are on-going.

3.1 Photon propagation simulation and expected camera images

The photon propagating Monte Carlo simulation is designed to emit photons from LEDs and
propagate them in the ice using IceCube’s SPICE ice model [6, 10], derived from previous cal-
ibration studies. Cameras are simulated using the arrival direction of the photons received on a
predefined surface area of the sensor modules. Oversizing of the light sensitive area is used to
increase statistics. Camera and LED geometries are adjusted for the simulation measurements.

We inject photons following an LED emission profile and record the light received on the
surface area of adjacent DOMs. In our simulation DOMs are spaced 17 m apart on the same string.
The distance to adjacent strings is set to 20 m. Figure 2 shows the geometry setup and the received
photons on the DOMs surfaces.

Scattered photon

viewing anlge

0, @ : incident angle of photon
-> used for the simulated image

0%, " : photon-hit point on the DOM
-> to define the camera

Figure 2: Left: Schematic view of simulation geometry. The DOM on the center right is emitting photons
with a specific emission profile, visualized as a white cone. The DOM surfaces display the number of
received photons on the point of the surface, varying from blue (small) to red (large). White indicates no
counts. Right: 8’ and ¢’ define positions on the DOM surface and are used to specify the camera area; 0
and ¢ define the photon arrival direction of a photon . A camera image is given by the recorded 6 and ¢ of
all photons detected within a small camera area 6’ and ¢’. In yellow a scattered photon 7y is shown.

In our simulation the entire DOM surface is photo sensitive with 100% efficiency. Incident
angles of arriving photons are recorded and allow us to construct an expected camera image by
defining a small surface area on the DOM. Our expected camera image consists just of the arrival
azimuth and zenith directions of the photons over a small surface area of the DOM. The surface
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area is kept small to avoid image distortion. We refrain from modeling a camera lens and sensor as
it just represents a transformation of the photon arrival directions. A representative image from our
simulation is shown in Figure 3. For the simulated camera image we use photon counts, in reality
these would correspond to pixel amplitude values, neglecting noise.
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Figure 3: Simulated camera images for a camera observing an LED with 40° half-opening angle 20 m
away. The left figure is for a short effective scattering length(A, = 5.0 m), which shows high-diffusion of
photons. In contrast the right figure with a long effective scattering length(4, = 77.6 m) shows a more ’point
source’-like result.

One relatively straight forward analysis to demonstrate how our simulations inform the design
of the camera system is described in the following where idealized conditions to isolate individual
ice property effects were used. A real data analysis with multiple ice effects present in an image
could prove more complex.

3.2 Measurement of the scattering length in bulk ice

We perform an analysis to determine the sensitivity for measuring the scattering length in bulk
ice. Two sensor modules are located 20 m apart at the same depth and a camera is directly looking
at an LED that emits light following an emission profile with a 40° half cone opening angle. For
each simulation 2.25 x 10'° photons are injected at a monochromatic wavelength of 405 nm. The
effective scattering lengths, A, are varied between 5 m and 77 m. Figure 3 shows the difference
between the observed image for a short scattering length (left) and a long one (right). For the
short scattering length a well-diffused circular shaped distribution is seen, while the long scattering
length results in a *point source’-like image with a small halo.

While images in Figure 3 qualitatively look very different we develop an image analysis that
will be able to quantify the sensitivity for different scattering lengths in the bulk ice. As cameras
and LEDs will not be absolutely calibrated we do not use absolute photon counts but only focus
on the shape of the scattering halo. The cumulative distribution of the number of photons within a
certain radius from the image center (location of the LED) is plotted and normalized (see Figure 4).

Figure 4 further shows that most of the image information is contained within a half-cone
opening angle of 40°, which can be interpreted as minimum required FOV. Given that LEDs and
cameras will not be aligned in the ice, multiple LEDs and wide field of view cameras are preferred.

4. System Design and Prototypes

After summarizing the basic design requirements we introduce our camera prototype system.
We have to satisfy engineering requirements, while aiming for an optimal camera design based on
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Figure 4: The cumulative photon hits as function of the angular distance from the light source centre for
different scattering lengths and wavelengths. The ratio is with respect to all photons detected.

simulations, expected performance, and stability.

For maximal flexibility we propose a system of multiple cameras connected to a controller
board (9.0 cmx9.0 cm), which then interfaces to the DOM. Camera boards are 3.5 cmx3.5 cm
in size. In the ice the camera system is expected to operate at temperatures between -40°C and
-20°C. Cameras will be tested down to -50°C. The maximum power consumption of the camera
system needs to be kept below 2 W. The system will have no moving parts (fixed focus cameras)
for maximal reliability and the number of parts is kept minimal for easy assembly. The system
could be complemented with some manual cameras to allow for focus pulling.

To conduct ice property studies, cameras need to be in particular sensitive to observe not only
the light coming directly from LEDs, but also scattered light. A large field of view (FOV) is pre-
ferred for the cameras to observe multiple neighboring strings. Note that the FOV needs to be
adjusted for refraction in the ice. High camera resolution is not required, but could be beneficial
for hole ice surveys or the identification of contaminants.

The camera system is designed to be an

add-on to the DOM mainboard, as shown in Camera 1

Figure 5. A controller board with proces- —L - §
sor, RAM and flash memory will control up Camera 2 *E é: > CPU <« £
to three camera modules and communicate : :
with the DOM mainboard. Cameras are con- Camera 3 N
nected via flat-flexible cables, which makes M ﬂl

their positioning easier. controller board

Prototypes of the camera system have
been manufactured using CMOS and CCD Figure 5: Structure of the camera system.
image sensors, respectively. The prototypes are functional and are currently undergoing detailed
lab testing.

The prototype of the CMOS camera uses the IMX225LQR-C image sensor from Sony. The
sensor has 1.3 million pixels. Its pixels are able to measure the incoming light intensity with a
12 bit dynamic range. The sensor generates output image data through either a CMOS parallel
interface, a LVDS or a MIPI interface, which makes it easy for the sensor to be controlled with a
wide range of processors. The IMX225LQR-C image sensor is one of the most sensitive image
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Figure 6: Left: A prototype of the CCD camera module built with the RI33J3CAODT image sensor from
Sharp. The module is compatible with standard M 12-mount lenses and can be connected to a controller board
via the CSI connector. Right: A prototype of the CMOS camera module. It contains the IMX225LQR-C
image sensor from Sony and is compatible with the M12-mount lenses. In the next version its 2 x 24 pin
header will be replaced with a CSI connector.

sensors produced by Sony. From laboratory measurements we found that its sensitivity is superior
to CMOS image sensors from other manufacturers.

The prototypes of the CCD camera module are built with the RJ33J3CAODT and
RJ33J4CAODT image sensors from Sharp. They have the same specifications except that the for-
mer has color filters but the latter does not. They have the same number of pixels, pixel size, and
diagonal length as the IMX225L.QR-C sensor. The selection of the image sensors and the design
of the camera prototype are made in order to compare the performance of the CMOS image sensor
to CCD image sensors with similar specifications. Figure 6 shows the prototypes.

The prototype of the controller is built with a .MX6Solo Microprocessor Unit (MPU) with
an ARM Cortex-A9 CPU. The board contains 512MB of RAM and 8GB of flash memory. This

Figure 7: Prototype of camera controller board (rev 1). The rev 1 board is designed to evaluate function-
alities of various camera modules. The board contains I.MX6Solo MPU, 512MB DDR3 RAM and 8GB
eMMC. For evaluation purpose it includes a HDMI connector, a real time clock and a battery connector as
well which will be removed in the next reversion.
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board has enough performance to host both the CMOS camera and the CCD camera prototypes.
The prototype of the controller board is shown in Figure 7. It includes additional connections for
diagnostics and does not yet have a multiplexer. Therefore, for now only one camera module can
be connected. After board evaluation a miniaturized revision will be prepared.

In the ice cameras will only be operated during camera calibration runs. In IceCube, four
neighboring DOMs on a string share a common power allocation. To reduce the total power con-
sumption of the camera systems only one camera system on each quad of DOMs would be operated
at a time.

5. Conclusion

The proposed camera system allows for quantitative measurements of the optical properties
of the hole ice, bulk ice and their interface, as well as the detector geometry. The qualitative in-
formations from those measurements can be beneficial to interpret other calibration measurements.
Furthermore, the system can be useful to monitor the freeze-in process of the drill holes.

The baseline design of the camera system consists of one controller board and three cameras.
In order to achieve optimal performance, both CMOS cameras and CCD cameras are under study.
Prototypes of the cameras with the two different image sensor types and the controller board have
been produced and are being tested. In the near future their design will be revised to reduce power
consumption and enable multiplexing.

In our simulations we have demonstrated that cameras can be used to measure ice properties,
such as the effective scattering length, and introduced other potential camera measurements. While
only qualitative results are shown in these proceedings, we are also focusing on the quantitative
analysis to derive numerical results for the ice properties. Analysis to determine the sensitivity
requirements, resolution, and field of view of various ice property measurements are in progress.
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Following the first observation of an astrophysical high-energy neutrino flux with the IceCube
observatory in 2013, planning for a next-generation neutrino telescope at the South Pole, IceCube-
Gen2, is under way, which will significantly expand the sensitivity both towards high and low
neutrino energies. The detector is envisioned to instrument 5 — 10km? of the deep clear ice with
up to 10000 optical modules to detect the Cherenkov light from charged secondaries created in
the interaction of neutrinos in the ice. Apart from the larger volume, a significant increase in the
sensitivity is expected to originate from advanced optical modules with several concepts currently
being under development. One such concept is the multi-PMT Digital Optical Module (mDOM)
which, in contrast to the “conventional” layout with a single ten-inch photomultiplier tube (PMT),
features 24 three-inch PMTs inside a pressure vessel pointing isotropically in all directions. This
layout provides an almost uniform angular acceptance and an increased effective area by more
than a factor two. Additionally, directional information on the detected photons is obtained and
background can be suppressed using local coincidences while at the same time the dynamic range
of the module is increased.

The contribution provides an introduction to the design as well as an overview of the current
status of mDOM development and prototype construction. It also highlights further optimization
potential and remaining challenges en route to a fully functional multi-PMT optical module for
IceCube-Gen2.
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1. Multi-PMT optical module concept

In contrast to the optical modules of all currently operative large volume neutrino telescopes,
featuring a single large-area PMT inside a spherical pressure vessel, a multi-PMT optical module
contains an array of smaller-sized PMTs. The effective segmentation of the sensitive area into
individually read-out channels, first utilized in the Nevod detector [1] and introduced to the field
of neutrino astronomy by the KM3NeT project [2], comes with several attractive advantages com-
pared to the conventional single-PMT concept:

o Increase of sensitive area: The area of e.g. ten three-inch PMTs roughly equals one ten-
inch tube. A multi-PMT module containing several ten such PMTs thus features a sensitiv-
ity equivalent to several conventional optical modules (for instance those of IceCube). As
photons are the only source of information in a neutrino telescope, the collection of more
photons means more information and consequently better reconstruction of event signatures
assuming similar time resolution.

e Superior photon counting: The total number of arrived photons can be more directly de-
rived from the number of hit PMTs compared to the extraction from a multi-photoelectron
signal waveform. This feature can be e.g. be useful for a simple definition of cuts on the
photon number by requiring a certain number of hit PMTs per module.

e Extended dynamic range: Cathode segmentation also benefits the overall dynamic range
of the module, as multiple photons arriving at the same time are more likely to hit different
PMTs. Assuming comparable dynamic ranges of small and large PMTs, the collective range
is extended by a factor given by the number of small PMTs facing one direction.

e Improved angular acceptance: With the distribution of the sensitive area across the total
solid angle, a near-homogeneous 47 coverage is achieved. This is particularly important as
the power of modern analyses is based on 47 sensitivity [3].

o Intrinsic directional sensitivity: The orientation of the hit PMT, in combination with its
known angular acceptance (see Fig. 2, b), carries additional information on the direction of
the incoming photon available for event reconstruction.

e Local coincidences: Coincidences between individual PMTs of a module allow the suppres-
sion of uncorrelated background as well as the identification of low-energy neutrinos as for
example generated in supernova explosions.

The hardware functionality and physics capability of the multi-PMT concept have in the mean-
time been demonstrated in-situ with the deployment and operation of KM3NeT prototypes in the
Mediterranean [4]. Due to the development of suitable three-inch PMTs by several manufacturers
these devices are meanwhile available at moderate prices resulting in the “price per photocathode
area” for a multi-PMT module being comparable to, or even lower than, the value for the conven-
tional layout.

2. mDOM - a novel optical module for IceCube-Gen2

With a substantially expanded sensitivity range, spanning from GeV to ~ EeV neutrinos,
IceCube-Gen2 [5], the next-generation Antarctic neutrino telescope, is designed to identify the
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sources of the high-energy cosmic neutrinos discovered in IceCube, including a detailed spec-
tral analysis and flavor measurement. At the lower end of its sensitivity spectrum it will address
neutrino physics investigating atmospheric neutrinos. The mDOM (multi-PMT Digital Optical
Module) project aims at bringing the advantages of the multi-PMT concept to the South Pole.

The design, originally based on the opti-

cal module of KM3NeT, has been under devel-
. 356 mm
opment or several years and is currently enter-
. . penetrator _——
ing prototype construction phase. The comple- read-out |$’ 1T
. . . €
tion of a first, fully functional module is sched- & power supply | 1=
| N

uled for late 2017. In this prototype configura- |
tion the mDOM features an isotropically oriented pressure vessel

array of 24 reflector-equipped three-inch PMTs
harbored by a quasi-spherical 14-inch borosilicate
glass pressure vessel. An explosion view of the

. . . .. mounting structure
prototype layout is presented in Fig. 1 highlight-

ing the main components. Most mechanical com-

ponents have been verified individually in the lab, main board
or currently are in the process of qualification,

without the emergence of show-stoppers.

The mDOM pressure vessel will slightly oring ‘
deviate from the optimal spherical form factor. reflector ¢ A\
The design is driven by the limited diameter of - - B base
the borehole and the non-reducible length of the Hamamatsu
PMTs. Based on finite-element simulations by the R12199-02 HA ~

manufacturer, the pressure vessel is rated for 700
bar. This criterion, which is substantially larger Figure 1: Default configuration of the
than the hydrostatic pressure at the location of the mDOM, featuring main components. The
detector, is based on the measured pressure peaks development of the devices marked red
during re-freezing: up to 550 bar were observed needs to be finalized before prototype pro-
during IceCube construction. The design was op-

timized for mass production with the final price

duction.

not significantly deviating from comparable com-
mercially available spherical vessels. Several specimen have been acquired from Nautilus GmbH
and are currently used for tests.

Curing two-component silicone gel, poured between the PMTs and the pressure vessel, pro-
vides optical coupling as well as structural stability. The baseline choice for prototyping is QGel
900 by Quantum Silicones which has been employed in the original IceCube optical module and
proven to be usable at low ambient temperatures.

Mounted around the entrance window of the PMTs, light concentrators or reflectors increase
the PMT’s effective area for vertical illumination. The devices are produced from enhanced-
reflectivity coated aluminum sheets. Considering the entire solid angle, they merely redistribute
the PMT’s angular acceptance, resulting in no net gain in sensitivity. In practice however, reflec-
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tors allow to reclaim photons otherwise lost to shadowing and absorption in glass and gel'. With
respect to realistic configurations the utilization of reflectors yields an extra ~ 20% in overall mod-
ule sensitivity. The material> was chosen to maximize the average Cherenkov-weighted reflectivity
based on lab measurements. In a Monte Carlo study, simulating the incidence of a plane wavefront,
the opening angle was optimized to provide maximum sensitivity for vertical photons, narrowing
the PMT’s field of view. This resulted in a final angle of 51° with respect to the symmetry axis of the
PMT. The effective concentration of the photon acceptance at small incidence angles comes at only
marginal cost in terms overall PMT sensitivity (< 1% deviation from the achievable maximum).

The default PMT for prototype construction is the R12199-02 HA model by Hamamatsu Pho-
tonics, which is based on the main PMT of the KM3NeT project. This model performed best
during the mass screenings of quantum efficiency, transit-time spread, dark rate and the probability
of spurious pulses conducted by the collaboration [6].

The PMTs low temperature operability was tested down to —60°C. While all other character-
istics were not affected significantly, the gain and the dark rate were found to improve with cooling,
with the gain increasing by some 10% and the noise rate dropping to ~ 50s~! measured at a ~ 0.3
photoelectron threshold level. Simplifying read-out circuitry, the PMTs are operated with negative
supply voltage (i.e. cathode at negative potential, anode grounded). In order to reduce the noise
entailed by this choice, the PMTs will be used in a configuration where its conductively coated
outer surface is placed at cathode potential (HA coating). For further noise reduction the (electri-
cally conductive) reflectors will be connected to the photocathode potential, as floating (or even
grounded) reflectors were found to promote high and unstable dark rates.

A mounting structure is used to position PMTs, reflectors and the main electronics board in-
side the pressure vessel. This component is produced via selective sintering (aka three-dimensional
printing) from (white) polyamide and subsequently painted dull black with a non-conductive acrylic
paint. The color was chosen as a white structure only marginally increases the overall module sen-
sitivity while enhancing the amount of undesired photon scattering. In addition to positioning, the
design ensures electric insulation of the photocathode with gel pockets, required by the negatively
fed PMTs.

Power is supplied via twisted pair copper cables limiting the total power budget of all mod-
ules connected to one wire pair to 9.4 W. For the mDOM a consumption of < 3W is targeted,
allowing to mount three modules per pair. The PMT base is therefore equipped with low-power
Cockkroft-Walton circuitry for in-situ high-voltage generation based on a Nikhef design [7] as
well as front-end electronics. As a detailed digitization of the PMT pulse is not feasible within
the tight power constraints, in the baseline digitization concept, the analog waveform is split af-
ter pre-amplification and passed to four base-borne discriminators with independently adjustable
thresholds. The four (analog) time-over-threshold (ToT) step signals from the PMT are routed via
single-ended circuit board tracks to an FPGA on the main board [8], clocked at 150 MHz, where
the leading and trailing edge times for each channel are determined. Parallel processing allows
an effective sampling of each channel at a rate of 600 MHz. As two channels are employed in
digitizing data from the lowest threshold, the resulting effective sampling is 1.2 GHz at this level.

IThe traversed layer thickness increases significantly for flatly incoming photons.
2 Almeco Vega 95-100
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The information finally available on each pulse amounts to four time-stamped ToT values. As of
now, major aspects of the electronics functionality have been successfully tested in prototype se-
tups. In-situ high-voltage generation was found to work. The base features anode output linearity
(on a 10% level) up to ~ 500 photoelectrons deposited in < 1ns. A problem was found in spiked
noise, generated on the base below ~ 0°C, whi ch is currently being investigated. The function-
ality of the multi-ToT digitization scheme was also assessed and found to work as expected. The
demonstration setup included analog ToT generation, signal transport to an FPGA, as well as the
digitization of the leading and trailing edge times. The signal-transit time is shown as an example
of the performance in Fig. 2, d.

This output signal will be transferred to a stand-alone test bench computer for storing and
analysis. Upon completion, the prototype will undergo an extensive scrutinizing program in the lab
to verify its functionality and readout. In addition, in-situ qualification and calibration studies will
be performed placing the mDOM inside the Nevod detector in Moscow. Simultaneous read-out of
the Nevod modules will e.g. enable mDOM calibration using atmospheric muons as a source of
Cherenkov light.

The expected mDOM performance was studied in Geant4 simulations?, in particular in com-
parison to the properties of an alternatively proposed enhanced high quantum efficiency IceCube
DOM (PDOM), providing a reference for the planned qualification tests. If not stated otherwise
the properties were derived for the region of maximum ice transparency, i.e. between 200nm and
600nm. Maximum sensitivity inhomogeneity* across the total solid angle was found to be ~ 10%
(see also Fig. 2, a). Depending on whether a Cherenkov style 1/A? photon spectrum or a flat one
is assumed®, the mean mDOM sensitivity, in the prototype configuration discussed here, surpasses
that of the considered single-PMT module by a factor of ~ 2.25 to ~ 2.15. This figure of merit was
derived averaging the simulated effective areas, with respect to an incident plane wave, for both
optical modules over the solid angle and the ice transparency window, including known respective
quantum efficiencies (Fig. 2, ¢).

To illustrate the potential of intrinsic directionality, the capability of a single mDOM to recon-
struct the direction to an isotropic photon point source was assessed. The direction to the source
was determined fitting the maximum of the cumulative fields of view of all 24 mDOM PMTs,
weighted by the respective number of detected photons. In an idealized scenario® this simple ap-
proach allows to reconstruct the direction of the source at a distance up to 100 m with a precision
of < 1°, based on a total of 4-10'? emitted photons. A more sophisticated version of the algo-
rithm, will allow to determine in-situ the orientation of the mDOM in the ice using the POCAM
[9] calibration module’.

3The detailed simulation model features realistic geometries as well as optical material properties of the respective
modules and was validated against lab measurements.

4Given in terms of the relative deviation form maximum acceptance.

3As UV photons experience stronger scattering in the ice the original Cherenkov spectrum becomes flatter with
distance.

6 Assuming homogeneous ice without dust layers featuring the properties of the relatively clean environment at a
depth of ~ 2278 m.

7The Precision Optical CAlibration Module will produce isotropic light pulses of up to 10! photons each. Thus,
the number of photons needed to achieve the discussed precision corresponds to 400 pulses only.
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Figure 2: Module sensitivity simulated for the prototype mDOM configuration: (a) Effective area
comparison between the mDOM and an high quantum efficiency single-PMT module (PDOM). (b)
Angular acceptance profile of a Hamamatsu R12199-02 PMT inside the mDOM. (¢) Solid-angle
averaged effective areas of mDOM and PDOM. Spectra are shown including (solid line) and ex-
cluding (light solid line) the quantum efficiencies of the respective PMTs. Dashed lines mark the
Cherenkov spectrum and respective Cherenkov-weighted effective areas in arbitrary units.

(d) Readout functionality demonstration: Single photoelectron signal transit-time distribution de-
termined with the prototype readout consisting of PMT, four-comparator base and digitizing FPGA.

3. Challenges and perspectives

Although the design of the module is quite mature, some components require work before
deployment in the deep ice while others have the potential to be further optimized. Together with
corresponding improvement strategies they will be discussed in this section, as will additional de-
vices not included in the prototype. Further enhancement perspectives are expected to be revealed
in the course of the qualification phase.

The Vitrovex glass of the default pressure vessel surpasses the Benthos glass of the original
IceCube module in terms of UV transparency and is in turn outperformed by the custom glass
mixture employed in the D-Egg [10]. The gain from using these glasses was simulated to be
~ 15% and ~ 20%, respectively. During noise investigation Vitrovex glass was found to contribute
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significantly to the background rate. In fact, due to the purity of the polar ice, glass-induced noise
will be the main signal acquired by the PMTs, defining the data rate, and therefore the amount of
required compression given the limited bandwidth of the copper cables foreseen in IceCube-Gen?2.
Background from the Benthos glass was found to be considerable lower®. In the current state of
the investigations, the noise was traced back to scintillation induced by charged secondaries of the
decay of trace elements with an additional smaller contribution from Cherenkov radiation. Being
vital for the understanding and prediction of the final rate, the photon yield, spectrum, as well as the
decay time of this scintillation are now subject to detailed investigation. While the Vitrovex glass
will be used for prototype construction, alternative low-background glasses, favorable not at the
cost of UV sensitivity loss, are under consideration for the final module. In addition negotiations
with Nautilus GmbH concerning possibilities for reducing the radioactive contamination are under
way. The structural stability of the component, as well as pressure-induced shrinking, will be
assessed in a hyperbaric chamber.

As the current’ default optical gel, QGel 900 by Quantum Silicones, slightly reduces the
module sensitivity at short wavelengths due to its transmission properties, alternative brands are
under consideration. One possible choice is the custom gel developed for the D-Egg, featuring
superior transmission properties, including better UV transparency, once it becomes commercially
available. At the moment the default gel is investigated for chemical compatibility'® with other
mDOM components, as well as for its scintillation properties, which are crucial for the estimation
of its background noise contribution.

Based on the efforts of several manufactures for the KM3NeT project, fast, enhanced-area
three-inch PMTSs are now available from several companies at moderate cost. While the Hama-
matsu PMT is currently considered the baseline, alternative models by ET Enterprises, HZC and
MELZ, feature comparable performance while surpassing its photocathode area by up to ~ 25%.
Their employment in the mDOM allows for an easily accessible sensitivity increase of the final
module by this factor. Early 2017 saw the availability of a so-called “super-bialkali”, enhanced
quantum efficiency version of the Hamamatsu R12199-02 PMT featuring an average sensitivity
gain of 35% to 40% with respect to the default PMT. A shortened version of the tube is now also
offered, allowing to losen the tight space constraints on module electronics. Specimen of both
models have been acquired and their properties are subject to detailed study at the moment.

As introduced above, the mDOM prototype will feature a four-level pulse digitization. In
a more ambitious approach the analog PMT output will be fed into a custom base-borne ASIC,
comprising 63 comparators in its final version thus allowing for a detailed sampling of complex
waveforms. The individual comparator levels, featuring level precision of 200 4V and a maximum
amplitude of ~ 1.8V, can be defined by combining the 255 equidistant steps resulting from an 8-bit
equal resistor chain. An optimization study concerning level location is under way. The ASIC also
contains a 2¥ — 1 to N encoder which reduces the data to a 6-bit output word. As in the baseline
design the output is time stamped in a central FPGA. The higher level of integration will also reduce
power consumption. The layout of a first reduced-performance version of the ASIC (featuring 31

8 A factor of ~ 2.5 was found between the rates generated by Vitrovex and Benthos glass, respectively

9The originally envisaged Wacker 612 gel, used in KM3NeT, was found undergo undesired crystallization, turning
hard and opaque, at low temperatures.

10A variety of materials can inhibit gel curing so that great care has to be taken here.
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thresholds) has been recently completed.

The space available between the individual PMTs of the mDOM is foreseen to harbor calibra-
tion devices, such as fast LED pulsers and potentially also cameras [11], which will enhance the
mDOMs potential for self- as well as inter-DOM calibration.

In the final in-ice configuration the optical modules will be attached to the vertical electro-
mechanical cable by means of metal cables and a so-called harness produced from stainless steel.
It is foreseen to modify the proven IceCube “waist-band” [8] with the goal of minimum PMT
shadowing. A reduction of cable mounting points from three to two is also under consideration.

Simulations of the entire future detector comparing the performance of all considered opti-
cal module alternatives, namely PDOM [8], D-Egg [10], WOM [12], and mDOM, in terms of
horizontal muon reconstruction precision are under way in the collaboration [13]. As of now,
the mDOM performance is consistent with its increased sensitive area throughout the considered
muon energy range, while at the low end, corresponding to few GeV, it is further enhanced by the
segmentation of the cathode area.

4. Summary

The adaptation of the multi-PMT concept for the South Pole has resulted in the development
of the mDOM for IceCube-Gen2. The project is currently entering prototype production phase
expecting a fully functional prototype by the end of the year.

References

[1] V. M. Aynutdinov et al., Ap&SS 258 (1), (1997) 105 - 116

[2] KM3NeT Coll., S. Adridn-Martinez et al., J. Phys. G43 (8), (2016) 084001
[arXiv:1601.07459]

[3] IceCube Coll., M. G. Aartsen et al., Phys. Rev. Lett. 113, (2014) 101101
[arXiv:1405.5303]

[4] KM3NeT Coll, S. Adrian-Martinez et al., Eur. Phys. J. C76 (2), (2016) 54
[arXiv:1510.01561]

] IceCube Coll., M. G. Aartsen et al., (2014) [arXiv:1412.5106]

] C. M. Mollo et al., JINST 11 (08), T08002 (2016) [arXiv:1604.03922]

] P. Timmer, E. Heine and H. Peek, JINST 5 (12), (2010) C12049

] IceCube-PINGU Coll., P. Sandstrom et al., AIP Conf. Proc. 1630, (2014) 180-183
] IceCube-Gen2 Coll., PoS (ICRC2017) 934 (these proceedings)

] IceCube-Gen2 Coll., PoS (ICRC2017) 1051 (these proceedings)

] IceCube-Gen2 Coll., PoS (ICRC2017) 1040 (these proceedings)

] IceCube-Gen2 Coll., PoS (ICRC2017) 1052 (these proceedings)

[13] IceCube-Gen2 Coll., PoS (ICRC2017) 991 (these proceedings)

61



PROCEEDINGS

oF SCIENCE

. The IceTop Scintillator Upgrade

The IceCube-Gen2 Collaboration®

T http:/ficecube.wisc.edu/collaboration/authors/icrc17_gen2
E-mail: samridha.kunwar@desy.de

The IceCube Neutrino Observatory at the South Pole probes the high-energy cosmic-ray sky by
investigating the muonic and electromagnetic component of air showers measured with IceTop
and the in-ice detector. However, more detailed measurements are needed to understand the
astrophysics of the high-energy cosmic-ray sky. This, along with the need to mitigate the impact
of snow accumulation on IceTop tanks, has given us impetus for further upgrades including
scintillator and SiPM-readout-based stations. Prototype stations showcasing technological
advances for the next generation in cosmic ray detection are currently under construction for
deployment at South Pole in December 2017. We describe the physics and the current status of
the project.

Corresponding authors: Thomas Huber!-, John Kelley?, Samridha Kunwar*®, Delia Tosi?

U Institut fiir Kernphysik, Karlsruhe Institute of Technology, D-76021 Karlsruhe, Germany

2 Dept. of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin,
Madison, WI 53706, USA

3 DESY, D-15738 Zeuthen, Germany

35th International Cosmic Ray Conference — ICRC2017
10-20 July, 2017
Bexco, Busan, Korea

*Speaker.

62



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

36

37

38

39

The IceTop Scintillator Upgrade

Samridha Kunwar

1. Introduction

IceCube is a cubic-kilometer neutrino
detector installed in the ice at the geographic
South Pole [1] between depths of 1450m
and 2450 m, which was completed in 2010.
Reconstruction of the direction, energy, and
flavor of the neutrinos relies on the opti-
cal detection of Cherenkov radiation emitted
by charged particles produced in the interac-
tions of neutrinos in the surrounding ice or
the nearby bedrock. Additionally, an array
of surface detectors, IceTop, has also been
deployed for cosmic ray studies in the PeV
energy range [2] and to provide a partial veto
of the down-going background of penetrat-
ing muons.

Accumulating snow cover of the IceTop
tanks is continuously increasing the energy
threshold for the detection of cosmic ray air
showers [3]. The complex attenuation effects
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Figure 1: Map of the scintillator array as designed
for the IceTop upgrade, in IceCube coordinates. Each
number denotes the location of an existing IceTop sta-
tion.

of the snow add systematic uncertainties to air shower measurements, particularly in the mass

composition analysis. We have designed and proposed an upgrade to IceTop consisting of an

homogeneously-spaced scintillator array with an areal coverage similar to IceTop. Currently we

plan on deploying up to 37 scintillator stations over several years as shown in Fig 1. Each scintil-

lator station comprises of seven scintillator panels communicating with a central hub as shown in

Fig 2.

This upgrade is planned for two phases of deployment. Phase 1, marked in red in Fig. 1, will

enable us to study the effect of attenuation on high-energy air showers. As stations are added during

phase 2, marked in green in Fig. 1, the coverage will improve and the energy sensitivity will expand

to include low-energy air showers.

2. System Overview

We are exploring different detector designs as prototype solutions for the upgrade. The system

(Fig. 2) features the following building blocks:

e The scintillator panel subsystem. Extruded plastic scintillators are used in combination with

wavelength-shifting fibers to collect and guide the light produced by an energetic particle

crossing the scintillator. The fibers are read out by one light sensor. The detector is enclosed

in a mechanical structure, designed to be light-tight and provide protection from harsh envi-

ronmental conditions.
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1. scintillator panel
2. sensor readout + SFH DAQ

/ ICL: White Rabbit +

Scintillator station

to next DAQ server
Scintillator Field Hub (SFH
( surface cabling '/
208VAC power /

/ SFH
Figure 2: Scintillator station with 7 scintillator panels connected to a Field Hub DAQ featuring White Rabbit
timing. The three building blocks as described in the text are highlighted.

+ optical fiber

3: power/communications/timing
+ ICL DAQ equipment

e The DAQ subsystem: the light sensor is read out and data are processed by a custom-designed
data acquisition system.

e The Scintillator Field Hub (SFH) subsystem includes data handling, power, and timing dis-
tribution between the IceCube Laboratory (ICL) and each scintillator station. It also includes
equipment in the ICL.

We have developed multiple realizations for each of the building blocks to explore different
solutions in terms of costs and complexity. In the following sections we describe each subsystem
in more detail.

3. The scintillator panel subsystem

SN

Figure 3: Left: Layout of the detector without top plate. The detector is placed in an aluminum frame to
provide support. Right: optical fiber routing, plastic scintillator bars and a prototype of the Analog Readout
Module for the IceTAXI Design (sec. 4.1), fully attached to the optical coupling of the detector. The SiPM
is inside the cookie coupler which connects the optical fibers with the cookie board.

The detector design utilizes the low-cost customizable geometry of extruded scintillators sim-
ilar to those adopted by many other particle physics experiments in recent decades, such as SciBar
at K2K [4], the T2K near detector [5], MINERVA [6], and Auger Prime [7].
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The unit detector is designed to have a total sensitive area of 1.5 m? and a total weight of less
than 50 kg, to be easily transportable by two people. Each panel comprises 16 extruded plastic
scintillator bars (produced on the FNAL/NICADD' Extrusion Line), made of polystyrene with
doping of 1% PPO and 0.03% POPOP and coated with a 0.25 mm=-0.13 mm thick layer of TiO;
reflector. Each bar is 1 cm thick, 5cm wide and 1.875m long and has two holes with a diameter of
2.54+0.2 mm. Two Y-11(300) wavelength shifter fibers (produced by Kuraray?) are routed into the
two holes of two bars, resulting in a bundle of 32 fiber ends which is then readout by a 6 x6 mm?
Silicon PhotoMultiplier (SiPM).

We are currently exploring the use of either 0.7mm or 1 mm fiber, which offer different ad-
vantages in terms of cost and light yield. The light yield has been studied with a detailed GEANT4
[8] simulation of the apparatus, resulting in 82.3 +23.9 and 137.1 £36.7 photons absorbed in the
SiPM for the 0.7mm and 1 mm fiber respectively.

The fiber routing inherits features that were intensively studied for the AugerPrime upgrade of
the Pierre Auger Observatory with the goal of optimizing sensitivity and uniformity. The bars are
wrapped in opaque Velostat (ESD) material to ensure light-tightness. An outer aluminum shell and
an aluminum frame provide support. A prototype panel is shown in Fig. 3.

Two types of coupling are being explored. In the first type, the bundled fibers are cast into
a solid cookie with the fiber ends being cut and heated on a hot glass plate ensuring robustness
and long term stability. The cookie is then glued into a PMMA (Polymethyl methacrylate) coupler
along with the SiPM on a PCB — the cookie board. A 1 mm gap between the SiPM and the
fiber ends is filled with optical glue (EJ-500 3) suited for low temperatures. This gap allows the
illumination of every pixel on the SiPM and thereby increases the dynamic range, The second
coupling makes use of a custom designed printed circuit board (PCB) that features holes of the
same diameter as the fiber and are homogeneously spaced to guarantee illumination of the whole
sensor active area. The fibers are threaded into the PCB and glued with a cold-rated epoxy. The
bundle is then cut and polished with a slant cabochon lapidary polisher. The fiber bundle is then
pressed against the SiPM surface with a spring loaded mechanism, with or without coupling gel.

4. The DAQ subsystem

4.1 IceTAXI

In this design, the SiPM is first connected to an analog readout module that comprises: the
cookie board with analog and digital temperature sensors; an adapter board designed for mechani-
cal stability that allows the cookie board and SiPM to be mounted inside the cookie; a readout board
that houses the power supply for the SiPM and three different pre-amplifiers (x 1, x5, x10); and
finally, a general purpose board that contains line drivers to transmit the analog signal from the
scintillator panel to the SFH and a micro-controller for slow control (temperature, current, and
voltage monitoring and control) via an RS485 connection.

"http://www.fnal.gov/facilities
Zhttp://kuraraypsf. jp
3http://www.ggg-tech.co.jp/maker/eljen/ej-500.html
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. Qosc. ower S
The IceTAXI DAQ is an pAC 1;(“:1,,.,. uy
FPGA + ARM embedded Linux s mAG

Xilinx FPGA

IceTad "
Spartan 6 Cfg

system as shown in Fig. 4.1 P M e -
that was developed for the TAXI Enaine M -3

10MHz. 1PPS. IRIGB

WR-LEN

project [9]. The original TAXI .
board supports 24 analog input o3 D

Power on / off Flash
cur. monitoring

channels in three blocks of eight

communication

Panel

channels each. A slightly modi- 47
fied version of the board, IceTAXI,
with one block of eight channels

) Figure 4: Layout of the IceTAXI Board.
was produced for the IceTop scin-

tillator array. Each channel is discriminated and the leading and trailing edges of the discriminator
output are timestamped in a Spartan 6 FPGA with nanosecond precision. To achieve this, the output
from the individual discriminators are interfaced with Serial-Input Parallel-Output (SIPO) Serial-
izer Deserializer (SerDes) blocks in the FPGA with a 8:1 ratio at 950 MHz. The subsequent 8-bit
parallel output is then recorded at 118.75MHz. In addition, input waveforms are recorded with a
switched capacitor array and the integrated charge is determined online in the FPGA. The pulse
time information and the charge-integrated or full waveform are then transferred to an ARM mi-
crocontroller unit running Linux that handles the data formatting and transmission to the IceCube
Laboratory via a 1 Gb fiber link under a White Rabbit layer.

4.2 I.lDAQ CAT-6 type cable from fanout board
(Timing, Serial comms, Power)
The uDAQ is a small microprocessor- A e oW PesmGs  couss  izasvoo
based DAQ board (Fig. 4.2) ded- e e o over
) ' . . ‘ o > T ety Lnes /Receivers
icated to a single sensor (SiPM ‘ AL
. . trailing edges Input True time STMa2FA46
connected to a scintillator panel) et [y | ] R Py
] : : d Low-Gal = Edge Time
that includes power, timing and Channels with L Capre B
. . Sampling ADCs - (5.55 nsec steps) - ume;?usllr:eevz.
communications hub and spokes T R
. . 1ns Taps Strobes___Interface Interface Interface '
for medium remote connection H| H o
(~60m).  The microprocessor, 7 e m[:: e
along with inexpensive logic, cap- D el / T R
resolution ~| nsec without e o N N ware
t 1 tart d st O D e One of two ways to install new firmware
ureés Sensor pulse Sstart and Stop P E‘n also update in field using CAT-5 cable
 C language programming Control

with ~1 ns resolution. To achieve
this, eight delayed inputs are used Figure 5: Layout of the uDAQ Board
such that each input sees the same
edge delayed by successive ~1 ns increments before being recorded into “counter capture” regis-
ters that increment every 5.5ns (180 MHz). Averaging multiple delayed inputs results in higher
time resolution. The board also features amplifiers, with multiple gains for a wide dynamic range,
after which the pulse is shaped for sample-and-hold ADCs from which charge is obtained versus
time.

The uDAQ design enables digitizing the signal at the output of the SiPM before transmission
to the SFH. At the SFH, a Linux single-board computer (Beagle Bone Black) polls the seven panels,
each with their own uDAQ, and then forwards data to the IceCube Laboratory over optical fiber.
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5. The Scintillator Field Hub subsystem

Communications, power, and timing for the scintillator array is accomplished via a network
of Scintillator Field Hubs connected to backbone surface cabling to the IceCube Laboratory (ICL).
Each SFH is the central DAQ node for a scintillator station (Fig. 2). The SFHs are synchronized
to better than nanosecond precision by a White Rabbit (WR) Ethernet network [10], where the
timing reference is a GPS receiver, and each SFH contains a WR node connected via single-mode
optical fiber to a WR switch in the ICL. This link also provides gigabit Ethernet connectivity to
each Scintillator Field Hub. The WR node in the SFH (WR-LEN*) provides timing and Ethernet
connectivity to the DAQ via a copper Ethernet connection and two timing outputs: a reference 10
MHz clock, and a 1-PPS IRIG-B timestring. A separate copper cable supplies the power to each
SFH.

6. Prototype detector efficiency in a Muon Tower

o A
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Figure 6: Left: Charge and time distribution of pulses detected with the prototype detector. The top region
shows the high-charge band. The lower region the low-charge band and hence the SPE and the baseline. The
dashed rectangle shows the quality cut for the MIPs. The distance between the high and low charge band
shows the high light yield of a MIP compared to the base line. Right: Average pulse charge depending on
the particle detection position. Single fibers are visible. Broken fibers or scintillators can be located and re-
placed. The higher average pulse charge located at x=1.2 m y=2.8 m arises because the fiber bundle coupled
to the analog readout module, was for prototyping purposes just placed at the surface of the scintillator bars.

4http://sevensols.com/index.php/products/wr—len/
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The Karlsruhe Institute of Technology (KIT) Muon Tower is a muon tracking detector with
limited streamer tubes (LST) originally from the KASCADE experiment and presently used for
calibration and efficiency measurements of scintillation detectors. The muon tower is capable of
tracking muons with an angular resolution of better than 1° and providing accurate position of
muons for the test detectors. This enables obtaining single photoelectrons (SPEs) and the amount
of SPEs per minimum ionizing particles (MIPs) in the test detector via a charge spectrum. Ad-
ditionally, muon tomography is also possible. Due to the LST, the Muon Tower has an in-plane
resolution of 1cm? that allows for correction of the zenith angle when calculating the average
charge for vertical MIPs. It is also possible to investigate the efficiency and uniformity of the
inner detector system (scintillator bars, routing of optical fibers, optical connection). The charge
spectrum for through-going muons is shown in Fig. 6, left.

The plot in Fig. 6 (right) shows the average pulse charge depending on the particle position in
a logarithmic scale. Due to the optimal positioning of the fibers to the photosensitive surface of the
SiPM, the routing of the single fibers is visible. Due to this tomography-like feature of the muon
tower, broken scintillators or fibers can be located and replaced.

7. Summary & Outlook

We are currently developing a scintillator-based prototype detector as an upgrade to IceTop.
Each detector comprises 7 panels based on scintillator bars read out with wavelength shifting fibers
coupled to the photosensitive area of the SiPMs. We are investigating different options for fiber
diameter and fiber-to-sensor coupling.

Currently, two versions of DAQs are being explored; one featuring an embedded system ca-
pable of capturing full waveforms and the other comprising a small microprocessor with timing
and waveform capture with digital transmission of the data to the Beagle Bone Black based Field
Hub. White Rabbit provides timing and communications to the individual detectors. We anticipate
deploying a pair of prototype detectors in the 2017/18 Antarctic summer with an eventual phased
deployment of an array of up to 37 stations planned in the future.
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The Wavelength-shifting Optical Module (WOM) is a novel photosensor concept developed in the
context of the IceCube-Gen2 neutrino telescope, a next generation multi-km> neutrino telescope
at the South Pole. It provides a large photosensitive area with low detector noise and improved
UV sensitivity. This is achieved by combining a wavelength-shifter (WLS) coated tube with
two small, low-noise PMTs. Incident UV photons are absorbed by the WLS and re-emitted
isotropically. A large fraction of the light is captured in the tube by total internal reflection and
guided to the small PMTs. Through its cylindrical geometry, which is well matched to the drill
holes, this concept results not only in an overall improved detection efficiency, but at the same time
saves production and drilling cost. In this contribution we discuss the performance characteristics
of the WOM and present the current status of the prototype development.
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1. Introduction

IceCube [1] is currently the world’s largest neutrino detector, with an instrumented volume of
1 km?. Installation was completed in 2010 and the detector has been running successfully in it’s
current configuration since 2011. IceCube-Gen2 is a planned extension to IceCube, both in high-
and low-energy detection capabilities. It encompasses an increased instrumented volume for high
energy neutrinos [2] and an increased instrumentation density in the core (PINGU) [3] combined
with improved photo-sensors. The Wavelength-shifting Optical Module (WOM) is one of the sen-
sors under consideration for IceCube-Gen2. It aims especially at increasing the total number of
detected photons by shifting UV photons into the optical range. This makes the module sensitive
in the UV range, where the Cherenkov spectrum peaks in the ice. This results in an increased ef-
fective photosensitive area compared to the upgraded Digital Optical Module (pDOM! [4], another
option for Gen2, see Fig. 1). At the same time, the WOM will have an order of magnitude lower
noise than the currently used DOMs [1], which makes the WOM an ideal candidate for the low
energy extension.
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Figure 1: The wavelength-dependent absorption-
and and effective scattering length for photons in

The WOM, shown in Fig. 2, consists of a WLS-paint coated PMMA tube with an adiabatic
light guide (ALG, [5]) at each end. These are connected to 3" PMTs and the entire assembly,
including the read-out electronics, is housed in a quartz pressure vessel. UV photons are absorbed
in the paint layer and are re-emitted as optical photons. This emission is isotropic and if the
angle of the photon with respect to the tube surface is below the critical angle for total internal
reflection, the photon is trapped and guided to the end of the tube: ®, = arcsin n:&ﬁ ~ 41.8° for
nppma == 1.5. The theoretical maximum trapping efficiency is 74.5%. At the end of the tube the
light is concentrated by the ALG, which reduces the diameter of the tube while preserving the total
cross section area. In theory, this allows a lossless concentration of the light. The paint is selected

lin this paper, DOM refers to the modules mounted in IceCube and pDOM to the upgraded version for Gen2
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for maximum overlap with the sensitivity of the PMT. The current prototype uses a Hamamatsu
R12199-02 3" PMT, but other options are under investigation, including new super-bialkali PMTs.
The advantages of this module are:

e Higher number of detected photons: The ice is transparent down to A=200 nm and the
number of Cherenkov photons follows a 1/A? distribution. The sensitive area is given by the
tube surface Ay, which exceeds the sensitive area of the pPDOM and can even be scaled up by
lengthening the tube, at the cost of deteriorating timing resolution (= 10 ns for a 1 m tube).
The effective area (Fig.1) is given by A.rr = Ao - Npp(A) - Ecapr - Eoss With Ny, the integrated
available spectrum, €., the capture efficiency and &, the loss factor due to attenuation.

e Lower noise: PMT noise scales with the photo-cathode area. The PMTs currently used in
the WOM prototype have a dark noise of ~ 30 Hz with a single-photoelectron-threshold at
ice temperatures (-10°C — -40°C), compared to ~ 500 Hz for the DOM-PMT.

e Lower energy threshold: the energy threshold of a Cherenkov detector is proportional to
the effective sensitive area per unit volume and is limited by dark noise. Since the noise of
the WOM is an order of magnitude lower and the effective sensitive area is larger than that
of the (p)DOM, this module will allow the detection of lower energy events compared to
IceCube with the same density of modules.

e Lower drilling cost: the cylindrical shape of the WOM matches the hole geometry better
and has a much smaller diameter than the pDOM. This allows for smaller holes and saves on
drilling time, energy and cost.

2. Prototype development

2.1 Materials

The WOM consists of the pressure vessel, the WLS coated tube plus light guides, the WLS
paint and the PMTs. The pressure vessel has to be UV transparent and pressure resistant up to
700 bar. A commercial quartz tube with hemispherical end caps that fulfills these requirements has
been selected. For the material of the WLS tube refractive index, compatibility with different WLS
coatings and price were considered. In the end PMMA was chosen. The WLS needs to have a
broad absorption spectrum in the UV range and minimal overlap between absorption and emission,
so that it is transparent to its own emitted light. The WLS optimization has been described in [5].
Fig.3 shows the relative absorption and emission spectrum of the current WLS. However, research
into other WLS paints is ongoing.

2.2 Adiabatic light guide

The development of the adiabatic light guide (ALG) has been reported in [5]. Different meth-
ods of attaching the ALG to the WOM tube have been investigated ranging from various glues
to solvent welding. Fig.4 shows the result of using UV curing glue. By visual inspection, most
of the light reaches the ends of the ALGs. However, the gluing lines are visible due to scattered
light, signifying a small light loss there. Investigations are ongoing, whether the connection can be
improved by solvent welding or a monolithic production of a WOM-tube with adiabatic ends.
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Figure 3: The relative shifting-efficiency and emission spectra of the WLS paint currently used in the WOM.

Figure 4: A WOM tube under UV light with two adiabatic light guides glued to it using UV-curing glue.

2.3 Mounting

To mount the WLS tube and the PMTs inside the pressure vessel, a holding structure has been
developed. The end of the ALG is machined to match the curvature of the PMT, to which it is
optically connected with a thin layer of optical gel. Around the ALG and the PMT is an aluminum
jacket glued to the end of the WLS tube. Springs are attached to the jacket and to the base of
the PMT, pulling the PMT against the ALG. In this way constant optical contact is ensured even
during thermal contraction. The entire tube + ALG + PMT construction is inserted into the pressure
vessel, which is closed with a hemispherical end cap, containing the feed-through for signal and
power. The cable to the lower PMT is threaded through a small hole in the ALG and runs inside the
WLS tube, so that both PMTs can be supplied through one feed-through without shadowing from
the cable. Fig. 5 shows a schematic drawing of the holding structure and photos of the assembled
WOM prototype.

2.4 PMT and noise

Currently, the WOM uses the same PMT type that is also used in KM3NeT [6] (Hamamatsu
R12199-02) with a passive base. In this configuration the dark noise of the PMTs has been mea-
sured to range from (2245) Hz at -10°C to (3146) Hz at -50°C, more than an order of magnitude
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Figure 5: Upper left: A drawing of the holding structure. 1=PMT, 2=ALG, 3=springs, 4=pressure-vessel
feed-through, S5=internal connecting cable (aluminum jacket not shown). Upper right: complete holding
structure inside the quartz tube without end-cap. Bottom: an assembled prototype.

lower than the ~500 Hz of the DOM. Research into improved PMTs and the radiogenic noise
contributions of the quartz vessel, the WLS tube and the ALG is ongoing.

3. WOM testing setup

To fully characterize the WOM, we have constructed an optical setup, that will allow 2D
scans of the entire tube surface. It is used to check the coating uniformity and investigate the light
propagation inside the tubes. Fig. 6 shows a schematic of the setup, consisting of a Xenon lamp
with a monochromator and a beam splitter using of fused silica optics for optimal UV transparency.
The light beam is interrupted by a chopper wheel connected to a lock-in amplifier setup for noise
suppression. A major source of PMT noise is the activation of the photo-cathode due to ambient
light when exchanging a tube. This noise takes hours to subside, but with this setup it can be
suppressed to a level, where measurements can be taken without any dead-time after re-mounting
a tube. The photo-diode (PD) is used as reference, while a part of the light is guided to the WOM
tube by the liquid light guide (LLG). Its end is mounted on an orbital wheel around the tube, so the
tube can be illuminated from any angle. The orbital wheel is mounted on a linear stage, which can
be driven along the entire length of the tube. At both ends the shifted light trapped in the tube is
read out by calibrated PMTs. The tube is optically coupled to the PMTs using special optical gel
pads, to ensure re-mounting stability. The distance between the PMTs can be altered to allow for
different tube lengths with or without adiabatic light guides.

Automated scans with arbitrary step sizes in position, rotation and wavelength can be made.
For each illumination spot the efficiency of the photon detection is measured, which takes about
4 sec per spot, including sled motion. The efficiency is the convolution of the shifting efficiency
ewrs of the WLS (close to one), the trapping ratio &g (close to 0.75), the light guiding efficiency
€16 (unknown, depends on absorption and scattering in the tube) and the efficiency of the PMTs
epyr (collection- and quantum efficiency. Known, depends on A). It is defined as:
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Figure 6: A schematic drawing of the tube scanner, using fused silica optics and a liquid light guide.

# of detected photons

ot (Ain) = €wrs - €rR (Aowr) - €LG / epmr (Aows) = # of injected photons

The number of injected photons is known from the calibrated reference PD and the fixed
branching ratio between the reference beam and the light intensity at the exit of the fiber. The
number of detected photons is calculated from the PMT signal, it’s known spectral sensitivity
function and the emission spectrum of the WLS. With the photo-diode correction the system is
linear over the full wavelength-range of the Xenon lamp and stable in time. Fig. 7 shows a 2D scan
of the PMT signal current over illumination position. Close to the PMT the light yield is maximal.
It drops off over the length of the tube due to attenuation.

4. Simulation

A simulation of the WOM has been integrated into the IceCube software framework, so that
the in-ice performance can be simulated for different detector configurations. Muons in the energy
range of 3TeV to 1 PeV are injected into the ice volume. The resulting Cherenkov light emission
is calculated and propagated through the ice. Photons intersecting the OM surface are stored for
later processing, which uses the WOM properties. In the first step the angular acceptance, derived
from Fresnel equations and Snell’s law, with a refractive index of njce = 1.33, ngjass = 1.50 and
nair = 1.00, is applied, followed by the measured wavelength acceptance of the WLS tube. This
includes the efficiency of the WLS and the propagation efficiency which together give about 50 %
between A = 250 — 400nm. This is combined with the PMT acceptance convoluted with the
emission spectrum. Since the probability of losing a photon that propagates in the tube is lower
when it hits close to one of the PMT, a position dependent correction function was introduced based
on previous measurements. In a first simulation we look at the total number of photons detected as
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Figure 7: 2D scan of the local efficiency of the WLS tube. Shown is the PMT signal current over longitudinal
position in mm and rotational position in degree for an incident wavelength of A=375 nm. The PMT is
located to the right. The variation over a rotation at fixed distance is <10%
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pDOM, an upgraded version of the IceCube-DOM is used with an identical geometry and event set.

Fig. 8 shows the number of photons detected per muon event, plotted against the event’s energy.
Over the whole range the WOM detects a factor of 1.7 £ 0.1 more photons than the pDOM.
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In Fig. 9 the distance between muon track and the individual OMs is investigated. The photon
number is plotted per energy, per event and OM against this distance. The WOM performance
decreases as a function of distance due to shorter attenuation-length for the UV photons in the ice,
but stays better than that of the pDOM for all relevant distances. The plateau at very short distances
(i.e. for unscattered photons) is caused by the different angular acceptance of the modules.

Detailed measurements of the WOM time response are ongoing and will be implemented in
the simulation for a realistic arrival time modeling. Additionally the use of a super-bialkali version
of the PMT might increase the efficiency by up to 45 %. Any efficiency values for new WLS paints
that are studied can also be directly included in the simulation framework.

5. Summary and Outlook

The WOM has proven to be a very promising low noise, high efficiency and low cost optical
module, but further improvements of several components and simulations are ongoing. A reliable
mounting structure has been developed and a prototype has been assembled. The WLS developed
for the WOM shifts light from the A ~250-400 nm to A>400 nm. Measurements of the light capture
and transport efficiency showed values up to 50%[8]. However, the efficiency strongly depends
on coating quality and uniformity. Further studies into the optimization of the WLS coating are
ongoing and a dedicated semi-automated measuring setup has been built to quantify any future
coatings. The adiabatic light guides developed for the WOM have been successfully coupled to
the WOM tube with an UV-curing glue, but further optimization of the gluing process are ongoing
to minimize the light loss. The quartz vessel has been pressure tested and has been proven to be
vacuum tight for more than a year. In simulations the WOM has been shown to detect more photons
than the pDOM for all energies, types of events and detector geometries for IceCube-Gen2. Beyond
IceCube-Gen2, it’s high efficiency and low noise make this optical module the ideal candidate for
the conceptualized MICA supernova detector [9]. The performance of the WOM can be improved
even further by using new PMTs with a higher quantum efficiency or newly developed WLS. The
WOM was developed for the IceCube-Gen2 experiment. However, it can be conceptually adapted
to other experiments that profit from it’s UV detection capabilities, such as SHiP. [7]
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IceCube-Gen?2 is under design, including a Phase-1 extension dedicated to the precision study
of atmospheric neutrinos and to an improved search for neutrino astrophysical sources. A new
level of precision is needed in order to achieve improved performance with respect to IceCube.
A complementary calibration system with respect to the one presently installed in IceCube will
enable a better understanding of the ice and will therefore significantly reduce systematic effects.
We present a novel specialized calibration device named as the Precision Optical Calibration
Module (POCAM). The design of the POCAM is based on the principle of an inverted integrating
sphere. An appropriately placed matrix of LEDs in combination with a diffusing layer on the
inside of the sphere results in a nearly homogeneous light emission. The output of the LEDs is
monitored in-situ to high precision by photosensors, ensuring control over the light output. A
first complete prototype has been recently developed and deployed within the cubic kilometer
scale Gigaton Volume Detector (Baikal-GVD).
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1. The Precision Optical Calibration Module

The Precision Optical CAlibration Module (POCAM) is a novel specialized device dedicated to
in-situ calibration of the IceCube-Gen?2 detector. The goal is to address the primary experimental
systematic uncertainties caused by a partial understanding of the optical properties of the ice [1]
and the efficiency and angular acceptance of the IceCube Digital Optical Modules (DOMs) [2].

Presently, the systematic uncertainty in IceCube coming from the ice properties is at the level of
10%, being the dominant systematic for a number of analysis. The goal of the POCAM is to reduce
these uncertainties down to a level of few %. Moreover, the POCAM will be a complementary cal-
ibration device with respect to other calibration devices, most notably the LEDs already present in
the IceCube DOMs.

The POCAM is based on an isotropic, multi-wavelength, and pulsed light source [3, 4]. The
POCAM design is shown in Fig. 1. It consists of two glass hemispheres connected by a cylin-
drical pressure and temperature-resistant titanium (or alternatively stainless steel) housing. Light
from a multi-wavelength array of LEDs is driven by a Kapustinsky-style circuit [5] to obtain light
pulses of ~10ns and 10% — 10'° photons. The pulses are diffused by a sphere in each hemisphere
to generate an isotropic and homogeneous ice illumination. The goal is for the light from the hemi-
spheres to be isotropic to within 2% and the total light output to be determined to within 2% by
in-situ photosensors.

A first complete prototype has recently been deployed within the Gigaton Volume Detector (Baikal-
GVD), which is under construction in Lake Baikal (Siberia) [6].

Figure 1: POCAM principle components (left) and complete assembly (right). The POCAM is composed of
four sub-systems: the pressure housing, the digital, the analog circuit boards, and the light diffuser elements.
Each element is described in more detail in the text.
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2. The first POCAM prototype

The POCAM is composed of four sub-systems: the pressure housing, the digital and the analog
circuit boards, and the light diffuser elements.

The pressure housing consists of a 15 mm thick titanium cylinder, the two open sides of which are
each closed by a flange and a glass hemisphere attached to it. The glass hemispheres made of BK7
glass have a thickness of 7 mm and a diameter of 4.5 inches. The entire housing was manufactured
by the Nautilus Marine Service GmbH and specified to a pressure resistance of at least 1500 bar.
This corresponds to a 15 km water column and thus the approximately 10-fold pressure at the des-
tinations in Antarctica and in Lake Baikal. In fact, larger pressures may arise during the re-freezing
process in the Antarctic ice.

An analogue and a digital circuit board are installed within the pressure housing and secured to
the titanium flange. They form a fully functional unit that can communicate, emit and register
light. Two of these self-sufficient units are installed within the POCAM sharing a common voltage
supply board.

A micro-controller, an FPGA, memory chips, an ADC (analog-to-digital converter) and an FPGA-
based LED controller are located on each digital board. The micro-controller is responsible for
communication and management of the data to be stored on the memory chips. The FPGA takes
over all timing sensitive tasks. This includes control signals for the analog board, reading and
buffering of the ADC data and controlling the two separate FPGA LED drivers. The two channel
ADC is needed to digitize the signals from the two light sensors. The analog board consists of a
light emitting and a light measuring part. The part responsible for the light measurement consists
of two different light sensors which are read out via the ADC with the aid of two Cremat charge-
sensitive rectifiers !. Two photosensors are installed in each hemisphere to monitor the emitted light
pulse. The one presently installed are a 9 mm? SiPM (PM3325-EB) from KETEK and a 33 mm?
PIN-Diode from First Light Sensor (PS33-6b-TO). The PIN-Diode has blue-green enhanced effi-
ciency. The PM3325-EB is optimized for blue light and has a low dark count rate and low cross talk
probability. To avoid saturation of the SiPM a special filter foil is added. Furthermore, there are
additional sensors for environmental monitoring (e.g. temperature, pressure and humidity) on all
boards. The light emitting part consists of four Kapustinskis LED drivers with two different pulse
configurations (5-10 ns, 15-25 ns) and two colors (blue 455-470 nm, green 525-527 nm) as well as
two additional FPGA driven LEDs with longer pulse durations (20 - 80 ns) and higher intensities
for a total of three blue and three green LEDs.

Crucial parts of the POCAM are the two diffusing spheres installed on top of the LED arrays.
Their task is to convert the strongly anisotropic light from the LEDs into an isotropic diffuse emis-
sion profile. For this purpose a CNC-milled hollow PTFE sphere with a wall thickness of 1 mm and
a diameter of 50 mm has been designed and developed at TU Munich. The LEDs are coupled to
the sphere via a PTFE “plug” of 0.5 mm thickness. A first isotropy measurement is shown in Fig. 2.

ICR-110, CR-113 and operational amplifiers (T.I. LM6171A)

79



POCAM Kai Krings

1.10
— 1.051
3 IR A
@ [ I
— 1.001 T
>
& 1 1 t
= 0.951 I
£ |
~ 0.90 100% Isotropic
¢ PTFE Current
0.85

0 18 36 54 72 90 108 126 144 162 180

0[°]
Figure 2: POCAM integrating sphere isotropy measurements. Shown is the angular spectrum with 6 =
90° being the vertical top of the sphere; the intensity is plotted such that the mean of each measurement
corresponds to an intensity of 1.0. It is worth noting that the shift in symmetry towards 108° is most likely

caused by minor alignment and centering difficulties within the measurement setup. Further possibilities, to
improve the isotropy and its measurement, are currently being investigated.

The isotropy measurement itself is carried out with a mechanical two-axis rotation device to mea-
sure the field of view intensity for various angles; for now this is limited to the polar angle. The
SiPM, used as the light sensor is the same that is mounted on the POCAM PCB. However, with
its high sensitivity, the components have to be perfectly aligned to result in a symmetric spectrum.
An improved and more precise measurement setup is being realized reducing some systematic
uncertainties still present in our current measurement setup.

3. Test Deployment in Baikal-GVD and First Light

In order to validate the POCAM under realistic conditions, a collaboration with Baikal-GVD has
been established [7][8]. In winter 2016-2017, the first POCAM prototype was completed and
shipped to Siberia. After a few days of laboratory integration and functional testing, the POCAM
has been integrated within GVD on one of the outer strings at depth of 1.100 m. Data analysis of
the POCAM-GVD is on-going and will be reported elsewhere.

Early May 2017, detector time in GVD was reserved for POCAM tests and several flasher runs
have been carried out. A series of flasher runs have been done at various light intensities: for
100.000 flashes at 53 Hz the GVD detector response (i.e. the live detector rate) increased from the
usual background of 48-49 Hz to around 100 Hz. Fig. 4 shows exemplary data of in-situ SiPM
signals. The analysis of the POCAM-GVD data is on-going and will be reported in the future.
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Figure 3: The POCAM module mounted to the GVD string before deployment in the Baikal lake.

SiPM raw data for four different configurations with one pulse each

— LED1
.1 — LED2
— LED3
—— allLEDs

voltage [a.u.]

time [us]

Figure 4: SiPM raw data obtained from POCAM flashes within GVD. LED 1 is the blue, short pulse
Kapustinsky, LED 2 is the blue long pulse Kapustinsky, LED 3 is the blue FPGA LED at 40 ns pulse length;
all LEDs is the simultaneous flash of a 10 ns blue FPGA pulse together with 1 and 2.

4. Anticipated measurements in IceCube-Gen2
While the POCAM will be a general purpose calibration instrument for IceCube, its isotropic light

emissions pattern has clear advantages over the currently used LEDs for a number of specific
measurements, which are summarized in the following.
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The glacial Antarctic ice shows an anisotropic scattering amplitude [9], which appears to be aligned
with the ice flow direction. With an isotropic light source the systematic uncertainty of the mea-
surement of this effect can be improved as no initial light-emission pattern needs to be assumed.
With respect to the detector characteristics the isotropic light pattern enables a direct measurement
of the individual relative DOM efficiencies. While the average detection efficiency of all DOMs is
well constrained, individual DOMs may deviate from this value by roughly 10% due to fluctuations
in the PMT quantum efficiencies and local ice effects. Currently this measurement is done using
cosmic ray induced muon events. It is limited by systematic uncertainties of the selection efficiency
of single minimum-ionizing muons.

The POCAM can mimic the light signature of high energy cascades through its calibrated light
output. This allows to test the reconstructed cascade energy scale to the uncertainty at which one
knows the total POCAM photon output. In addition, by precisely timing the light flashes, closely
separated cascades can be mimicked and the cascade vertex separation power, as required for the
identification of tau neutrino interactions, can be tested.

A unique possibility measuring the optical properties of the refrozen drill holes will be outlined in
more detail in the following.

After the propagation of Cherenkov photons through the bulk glacial ice, each photon detected by
a DOM has to also propagate through the refrozen water of the drill holes, called "hole ice". The
optical properties of the hole ice are less well understood compared to the bulk glacial ice and are
one of the largest uncertainties to neutrino oscillation measurements in IceCube [10]. The hole ice
was directly imaged by a camera installed at the bottom of a drill hole. A clear outer region and a
central column of ~8 cm diameter with a very small scattering length (see Fig. 5a) are seen.

The impact of the hole ice is currently being modeled as a modification to the DOMs angular ac-
ceptance curve (see Fig. 5b). Here the size of the column determines the relative acceptance in
the very forward region (cos(6) = 1), while the scattering length modifies the shape around the
maximum. Measurements are difficult as the forward region can not be directly probed with the
installed LEDs or with Cherenkov light from atmospheric muons. Different measurements and
models are currently being used and their range reflects the current uncertainty with respect to the
angular acceptance.

To investigate the possibility to improve the in-sifu angular acceptance curve measurement using
the POCAM, a photon tracking simulation using standard IceCube tools has been performed. A
single POCAM is simulated as a point-like and perfectly isotropic emitter situated in the center of
the IceCube infill array, DeepCore [11]. Due to expected improvements in the drilling technology,
it is assumed that the hole ice surrounding the POCAM has the same properties as the bulk ice,
unlike the older IceCube holes. As an initial simplification the bulk glacial ice is assumed to be
free of scattering. The same study can be performed in realistic bulk ice, by applying stringent
timing cuts on the photon propagation delay from the POCAM to each receiving DOM, ensuring
a straight, unscattered propagation. The light emitted from the POCAM can be detected by any
IceCube DOM.
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Figure 5: Current understanding of the impact of the refrozen ice within the drilled holes on the DOM’s
angular acceptance.

Two kinds of datasets have been simulated. The reference dataset accounts for bulk ice propagation
but no propagation through the hole ice and assumes the DOMs to be able to measure photons over
their entire spherical surface. All other datasets assume a given realization of the hole ice and only
allow photon detection at the PMT surface, representing the data from a potential measurement.

The DOM-wise ratio of detected photons in the data-like set and the reference dataset is equivalent
to the DOMs in-situ angular acceptance function at the zenith angle of this DOM relative to the
POCAM. By plotting the relative acceptance of many DOMs the overall angular acceptance of an
average DOM is obtained. Figure 6a shows an example where the entire drill hole is assumed to
be filled with a weakly scattering medium and all DOMs are located in the center of their respec-
tive hole. The obtained angular acceptance curve agrees well with the "Default IceCube hole ice
model" which is based on the same assumptions. Figure 6b shows an example for a small, but
strongly scattering central hole ice column. In addition the DOMs are now randomly positioned
inside the drill hole. Obviously no consistent average angular acceptance curve can be obtained, as
different parts of the DOM surface are being shaded off relative to the emitter. Using Monte Carlo
knowledge about the geometry, we can identify causally connected curves which belong to similar
relative geometries. In the experiment the geometric ambiguity can be resolved by a multitude of
POCAMs illuminating each DOM from different azimuthal angles.

Given a satisfactory measurement in Gen2 Phase-1, the individual angular acceptance curves can
also be interpreted in terms of the underlying parameters (size and scattering length of the hole ice
and position of the DOM). This allows to treat the hole ice via direct photon propagation instead
of the effective description via the angular acceptance curve, which neglects azimuthal effects.

5. Summary and Outlook

We have presented the concept and design of an isotropic, multi-wavelength and pulsed light source
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Figure 6: POCAM capability for measuring the IceCube drill hole properties. The points represent different
DOMs measuring light from a single POCAM at different angles.

to be used as a calibration device in IceCube-Gen?2. In the baseline plan for IceCube-Gen2 Phase-
1, two POCAM modules on each string will enable us to determine in situ the relative optical
efficiency and hole ice properties of the nearby DOMs. In addition the POCAMs will be used to
re-evaluate bulk ice properties within the Gen2 Phase-1 volume, which can also be applied to the
rest of the detector. The deployment of the first POCAM prototype in Baikal-GVD during 2017
permits the validation of the POCAM concept within a neutrino telescope and in the same time
provides valuable information for GVD.
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