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IceCube is a cubic-kilometer scale neutrino telescope located at the geographic South Pole. The
detector utilizes the extremely transparent Antarctic ice as a medium for detecting Cherenkov
radiation from neutrino interactions. While the optical properties of the glacial ice are generally
well modeled and understood, the uncertainties which remain are still the dominant source of
systematic uncertainties for many IceCube analyses. A camera and LED system is being built
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1. Introduction

The IceCube Neutrino Observatory is a cubic kilometer-scale Cherenkov radiation detector
deployed in the ice near the geographic South Pole at depths between 1,450m and 2,450m. On the
surface IceCube is complemented by a square kilometer large cosmic ray air shower detector. The
main scientific goals of the experiment are to measure the high-energy astrophysical neutrino flux
and to identify its sources. The IceCube collaboration reported the first observation of astrophysical
neutrinos in 2013 [1]. In 2018 the collaboration identified a flaringBlazar as a source of astrophysical
neutrinos [2]. Other scientific goals of the detector include measurements of neutrino oscillation
parameters, the cosmic ray flux, and the search for dark matter and other exotic particles.

For the reconstruction of neutrino events in the IceCube detector, an accurate understanding of
the optical properties of the Antarctic ice is crucial. To achieve this, various efforts have been made,
in particular, using the LED flasher system on board of the optical modules of IceCube. From these
efforts, a model of the optical properties of the ice has been constructed [3].

These optical properties still remain a dominant detector systematic uncertainty in many
IceCube analyses. Based on calibration data collected with the IceCube LED flasher calibration
system evidence for anisotropy in photon propagation was found, and a model based on variation of
scattering as a function of photon direction was proposed [4]. This was further substantiated using
measurements with the IceCube dust logger [5]. Current models show that this is due to the South
Pole Ice being a birefringent optical medium and take into account the shape and orientation of the
ice microcrystals and the flow of the ice under its own weight [6]. This anisotropy still remains to be
studied in greater detail to aid in the development of ice models that incorporate this phenomenon
accurately.

An upgrade comprised of seven densely instrumented strings in the centre of the active volume
of IceCube is planned to enhance the detector. As part of this upgrade new types of Digital Optical
Modules (DOMs) are going to be used, regularly spaced with a vertical separation of 3m between
depths of 2160m and 2430m below the surface of the ice on each string. These new modules will
carry novel calibration devices for the detector.

The IceCube upgrade camera [7] is one of these calibration devices and designed to contribute
to this ice model by measuring the scattering length of light in the ice using back-scattered light
from an illumination system designed for the cameras. As a first test this camera has been deployed
inside the IceCube luminescence logger [8] to measure the optical properties of ice surrounding a
drillhole near the IceCube detector site.

1.1 SPICEcore hole

The SPICEcore hole was drilled during austral summer seasons of 2014/2015 and 2015/2016
near the Amundsen-Scott South Pole Station. The hole was drilled for glaciological, geological and
climatological studies [9]. It is 1,751m deep and located about 1 km away from the centre of the
IceCube detector site. The instrumented volume of IceCube begins at 1,450m, but due to favorable
tilt of the ice layers the relevant overlap with the hole is further extended by about 70m. The hole
is being kept open by using an industrial anti-freeze agent, ESTISOLTM-140, to allow for various
scientific experiments [8, 10].
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2. Hardware

One IceCube upgrade camera was integrated into the luminescence logger using a special
holding structure replacing parts that were not needed for this measurement as shown in Figure 1.

Close to the Red Pitaya, the main computer of the logger, an LED board with an SSL 80GB
CS8PM1.13 LED from Oslon was installed. The board uses 1W of power generating 43 lm of
light with a dominant wavelength of 470 nm. The cone of the light emitted has a full width at half
maximum of 80 degrees. The LED is powered from a set of batteries located at the bottom of the
logger.

When this LED emits light into the ice, as shown in Figure 1 a fraction of the back-scattered light
is detected by a camera situated in the lower half of the device. Images are captured continuously
during the deployment. The scattering length can then be estimated based on the overall brightness
of the images.

The camera is operated using a Raspberry Pi zero board that in turn is controlled by a Red
Pitaya, an FPGA-based test and measurement board. The Pitaya was controllable via a RS 232
serial communication protocol using a graphical user interface from the surface during deployment.
Commands to the Raspberry Pi are transferred via a serial peripheral interface using the secure
shell (ssh) protocol.

The logger is equipped with a sensor chip comprising a magnetometer, an inclinometer and
an accelerometer that was used to determine the orientation of the logger during deployment. The
depth of the logger was measured by reading out the cable length automatically from the winch that
was used to lower the logger into the ice from the surface.

The camera uses an IMX225 image sensor from SONY that is controlled by a MachX02 FPGA
by Lattice semiconductor via a Inter Integrated Circuit (I2C) interface. There is a 8MBRAMon the
camera that serves as a frame buffer that can store up to 3 images on the device before transferring
data. The images captured by the camera have a resolution of 1312 by 979 pixels with a depth of
12 bits making a file size of 2.7MB per image.

3. Deployment

During the 2019/2020 winter season the luminescence logger [10] equipped with one IceCube
Upgrade camera was deployed at the South Pole ice core hole. The logger was in the SPICEcore
hole for a total of 10 hours on December 21st. The logger made stops at depths of 500 m, 810m,
1050m, 1400m, 1490m, 1610m and 1670m at both descent and ascent. 30 images were taken at
each stop and continuously when the logger was moved. All images were captured with an exposure
time of 3 s and a gain of 0 dB was used for images captured at or above 1500m and 24 dB below.
This was decided by the operator after checking live that the images are not too dim or too bright.
While descending the LED was enabled only during the stops to capture images and it was always
enabled during ascent. Images taken during stops at descent are shown in Figure 3 for different
depths.

During ascent stops were made at the same depths and the LED was enabled continuously.
Independent of the capture of images a log of the general logger operation, including logger
orientation and depth was kept during ascent and descent. A plot of the orientation as a function of
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Figure 1: Photos and 3D diagrams of the camera and LED inside the luminescence logger from different
viewing angles. The position of the camera and the LED board are highlighted. The field of view of the
camera and the LED light cone are shown.
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Figure 2: Left: Photo taken at the SPICEcore hole with the logger prior to deployment. Right: The logger
depth during deployment as a function of time. Green lines mark the stops during ascent and descent.
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Figure 3: Images captured with the camera at various depths. From left to right pictures taken at 810m,
1250m and 1610m are shown. The top row shows false color plots of the image data and the bottom row
are true color images. All images use the same settings and while the LED was shining. The corners of the
images are not illuminated due to the size of the lens and the image sensor. The images at 1250m show the
flakes in the estisol very clearly.

Figure 4: The orientation of the logger as a function of depth during deployment. 0 degrees were chosen
arbitrarily and this plot serves to show the amount of rotation during deployment.

depth during ascent and descent can be seen in Figure 4. During the descent the logger made a 180
degree revolution and during ascent turned in the other direction by approximately 360 degrees. In
the Figure one can see the logger turning in place a little during the stops mentioned above.
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Figure 5: The dust logger and the camera brightness data as a function of depth. The camera data is scaled
to fit to the dust logger data. Images captured between 1600m and 1670m were too dim to be used in the
analysis.

4. Analysis

In order to show the capability of this type of camera system to measure scattering lengths in
ice, the camera brightness data were compared tomeasurements conductedwith the dust logger [11].
The dust logger is another logger deployed at the SPICEcore to measure the scattering length of
light in the ice using a photomultiplier tube to measure the back-scattered light emitted by a laser.
A comparison of dust logger data with the image brightness from the camera as a function of depth
is shown in Figure 5.

A zoomed-in version of this plot at deeper depths is shown in Figure 6. The ratio between the
two curves is nearly constant, in particular in the regions where the brightness is constant as, for
instance, between 1470 and 1530m.

For further analysis simulated images were generated using the IceCube Photon Propagation
Code (PPC) simulation [12]. The simulation used scattering length values from the IceCube
ice model used in the IceCube neutrino event reconstruction [3]. Simulations were then run for
scattering length values evaluated at regular intervals in depth. The depth values in the SPICEcore
hole and the IceCube detector were correlated using dust logger measurement data at each site.
There is a strong correlation between the simulated and the measured brightness indicating a good
capability to measure the scattering length of the Antarctic ice using cameras as shown in Figure 7.

5. Conclusion

After a successful deployment of the IceCube upgrade camera system during the 2019/2020
austral summer in the SPICEcore hole a first analysis of the collected data has been conducted. The
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Figure 6: Similar to Fig. 5 but zoomed in to the depth region between 1200m and 1600m. Comparison of
the dust logger and the camera brightness data as a function of depth. In the lower part the ratio of camera
and dust logger brightness is shown.

Figure 7: A comparison of simulated images generated with the PPC simulation package.The simulation
was based on the current IceCube South Pole ice (SPICE) model [3]. Depth values were adjusted to account
for the tilt in the ice layers based on measurements with the dust logger at the IceCube site and the SPICEcore.
There is an uncertainty of 30m to the depth values of the simulation due to the tilt of the ice layers between
the SPICEcore hole and the IceCube site.
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capability of the system to measure the optical properties of the Antarctic ice was demonstrated
with a simple analysis method. A future analysis should be able to provide independent data on the
scattering and absorption parameters of the ice that is complimentary to existing logger data.
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