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Currently, an upgrade consisting of seven densely instrumented strings in the center of the volume
of the IceCube detector with new digital optical modules (DOMs) is being built. On each string,
DOMs will be regularly spaced with a vertical separation of 3 m between depths of 2160 m and
2430 m below the surface of the ice, which is a denser configuration than the existing DOMs of
IceCube detector.
For a precise calibration of the IceCube Upgrade it is important to understand the properties of
the ice, both inside and surrounding the deployment holes. The camera system together with
the LED illumination system was developed and produced at Sungkyunkwan university and are
installed in almost every DOM to measure these properties. For these calibration measurements, a
new simulation framework, which produces expected images from various geometric and optical
variables has been developed. Images produced from the simulation will be used to develop an
analysis framework for the IceCube Upgrade camera calibration system and for the design of the
IceCube Gen2 camera system.
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1. Introduction

The IceCube Upgrade [1] is an extension to the IceCube detector [2] that adds 7 new strings
with novel digital optical modules (DOMs) [3, 4] in the center of the detector volume to increase
the sensitivity of IceCube to low energy neutrinos and to use new devices to calibrate the IceCube
detector. A key part of this calibration effort is the measurement of properties of the Antarctic Ice
in the detector volume, such as quantifying an anisotropy of the optical properties of the ice [5],
and refine existing models for the Ice [6]. To this end a new camera system has been developed for
integration into the new DOMs.

A general simulation framework based on the Photon Propagation Code (PPC) has been
developed for these cameras. This framework is capable of simulating generic optical properties
of homogeneous or layered media, generic light sources with gaussian profiles and cameras with
arbitrary resolutions, fields of view and lenses. The new framework is highly versatile and is not
only being used to develop analyses for the expected data of the camera system in the IceCube
Upgrade [7] but also for design studies for a system for IceCube Gen2 [8] and other future systems
for use in particle detectors in ice and water.

2. The CamSim framework

Figure 1: An overview of the CamSim Framework. Parts in Blue and Red are part of the CamSim wrapper,
Purple indicates the photon propagation code, Black are output processing by the CamSim wrapper.

The core of the simulation framework is a program called PPC [9]. PPC is a C and Cuda based
code that was designed to simulate photon propagation inside the IceCube detector. The program is
set up to simulate the entire detector and is inflexible for use with cameras. For CamSim PPC was
modified to be able to simulate the different light sources used and a python-based wrapper script
was created to handle the complexities of PPC and provide a simplified interface for the simulation.
It also improves on PPC by organizing output data and including functions to convert the output into
images.The framework is planned to include other simulation codes to process photon propagation
such as CLsim [10]. PPC was chosen to be included first due to the speed with which photon
statistics can be generated. CLsim would allow to generate figures that show the path individual
photons are taking in the simulation.

The PPC simulation code requires geometry and ice layer files to provide information on the
position of the modules of the IceCube detector and the current knowledge layering of the medium
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in the detector. Further files for the simulation setup contain the angular acceptance of the PMTs
in IceCube. For the camera simulations the geometry file is simplified to contain only a minimal
number of modules needed for the simulation case, which in most cases is one module with a light
source and one with one or more cameras. The ice layering is currently being neglected in the
simulations as the camera measurements are expected to see photons from no more than a few 10
meters due to scattering and absorption.

PPC has also the capacity to simulate a column of material of different optical properties.
This feature aims to simulate the differing optical properties in the re-frozen ice in the deployment
holes of IceCube. CamSim generates a string to parse this information to PPC based on parameters
specified in the simulation instance.

The flow of the CamSim framework is shown in Figure 1. Within a simulation instance of
CamSim Emitter and Camera instances are created specifying the positions of modules with a
33 cm diameter corresponding to the size of the digital optical modules in IceCube Gen1 (called
pDOMs). The Emitter instances each have one light source attached. Both types of instances can
have cameras attached on any point on the module source. The simulation instance contains the
parameters for the ice properties.

Cameras are simulated using a simple pinhole camera simulation by default, though additional
models for lens effects are being implemented. The cameras are characterised by a horizontal and
vertical resolution and a horizontal and vertical Field of View (FOV). Due to the nature of a simple
pinhole camera we are restricting the FOV values in the simulation to 90 degrees. The resolution
can be set to any arbitrary value. For the camera for the IceCube Upgrade the actual resolution is
1312 pixels horizontally by 979 pixels vertically. The image sensor has 3 types of pixels sensitive
to red, green and blue light respectively. This image sensor has its pixels in 2 by 2 groups with one
red, 2 green and one blue pixel in each group to capture images in color. The LEDs used for the
upgrade are predominantly blue and in most simulations we are using a resolution of 500 by 500
pixels to reflect the approximately 500 by 500 blue pixels in the actual image sensor.

These simulated images are used within an analysis framework to develop sensitivities and
likelihood functions for the camera system. In the analysis framework a noise model for the camera,
shown in Figure 2, is applied. The noise model was produced on long-time measurements of 20
cameras at -40 degrees Celsius. The cameras were illuminated with a reference light source through
a light diffuser. The variation of the pixel response was then evaluated as a function of the average
brightness of the pixel. The response of a pixel to illumination is called pixel count, which is the
integer digital value that is read out from the image sensor. The variation 𝑠 is related to the average
brightness 𝑛 approximately by 𝑠 =

√
𝑛 − 240, where 240 is the readout a pixel gives when it is not

illuminated.
In Figure 3 a simulated image without noise (on the left) and with noise (on the right) is shown.

The image with noise is slightly more grainy, though the effect is not easily apparent with bare eye.

3. Hole Ice simulations

The simulation studies on the refrozen hole ice for the IceCube Upgrade are focused on
determining the size, position and the scattering and absorption lengths of a potential column of
bubbles that had first been detected by a special camera system deployed below the deepest DOM
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Figure 2: The noise model used for the camera system for the IceCube Upgrade. The noise behavior of the
cameras follows a power law. This model was obtained from measurements at Sungkyunkwan University
by evaluating a large number of images captured under stable illumination at -40 degrees Celsius with an
exposure time of 3.7 seconds. In the analysis different color types of pixels were treated separately, but
showed near identical behavior.

Figure 3: A sample image without noise (left) and with noise (right). The noise makes the image appear
more granulated, but the overall scattering pattern is still well observable.

of IceCube string 80 [2]. These bubble columns and the general ice properties in the drillholes are a
major source of systematic uncertainty for many IceCube analyses such as oscillation studies [11].

Existing calibration efforts have been able to limit the size and scattering length of the bubble
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Figure 4: A sample simulated image of the hole ice seen looking down. The simulated bubble column is
visible in the image to the left of the camera. The diameter of the column here is 3.3 cm.

column using measurements with the LED flasher system in IceCube [12], however these mea-
surements mostly estimate the total amount of light scattered or absorbed in the column. The new
camera system is expected to be able to measure these parameters independently and precisely and
complement the existing measurements.

An earlier simulation of this bubble column is seen in Figure 4. This simulation was using a
camera field of view of 90 degrees and is looking down from a simulated DOM with the bubble
column offset from the camera’s optical axis by 10 cm. The scattering length in this bubble column
is 5 cm. A sketch of the geometry is shown on the right side of the figure.

Based on the properties of the simulated bubble column the position, shape and brightness of
the visible light in the simulated image changes.

4. Geometry and bulk ice simulations

The optical properties of the ice between the IceCube strings is described through its absorption
and scattering length. The main purpose of the bulk ice simulation studies is to create a framework
to measure the scattering length and absorption length using the camera system deployed into the
ice. For these measurements we will use LED light captured by cameras in adjacent strings to
the emitter. As the strings of the IceCube Upgrade are placed more densely than the existing
IceCube strings, it is expected that the scattering and absorption length can be measured with
greater accuracy.
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(a) Simulated images with scattering length 20 m and 30 m

(b) Schematics of simulation (a). Not to scale.

Figure 5: (a) Simulated images with varying scattering length (b) Geometry of the bulk ice measurement.

Current simulation efforts have been generating images for different scattering lengths and
different orientations of the LED with regards to the camera. As can be seen in Figure 5 the visible
light cone from the LED is very apparently different for variations in scattering length from 20 m
to 30 m.

In Figure 6 simulated images for different LED orientation can be seen. The images show
the LED pointing in different directions as the LED is turned in the simulation. These images are
relevant for bulk ice property analyses to separately estimate the LED orientation to minimize the
effect of the orientation as a systematic uncertainty on the bulk ice measurements.
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Figure 6: Simulated camera images at different LED orientations. The LED is directly facing the camera at
270 degrees and has a profile width of 22.5 degrees. Noise has been added to these images according to the
camera noise model in Figure 2.

5. Conclusion

A new framework has been developed to simulate images of the camera systems in the IceCube
Upgrade and other camera devices. The framework simplifies the production of simulated images
and illustrates the visible effects of the ice properties on the expected light signatures for camera
based calibration systems in ice and water.
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