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Abstract: The IceCube Neutrino Observatory instruments about 1 km3 of deep, glacial ice at the
geographic South Pole using 5160 photomultipliers to detect Cherenkov light from relativistic,
charged particles. Most IceCube science goals rely on precise understanding and modelling of the
optical properties of the instrumented ice. A peculiar light propagation effect observed by IceCube
is an anisotropic attenuation, which is aligned with the local flow of the ice. Recent efforts have
shown this effect is most likely due to curved photon trajectories resulting from the asymmetric
light diffusion in the birefringent polycrystalline microstructure of the ice. This new model can
be optimized by adjusting the average orientation, size and shape of the ice crystals. We present
the parametrization of the birefringence effect in our photon propagation simulation, the fitting
procedures and results. The anticipated potential of calibration instrumentation in the upcoming
IceCube Upgrade to improve on known shortcomings of the current ice modelling is also discussed.
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1 Introduction

The IceCube Neutrino Observatory is a cubic-kilometer Cherenkov detector instrumenting depths
between 1450 m and 2450 m in the ice at the geographic South Pole [1]. The optical properties of the
ice were determined with a measurement as described in [2] using flasher LEDs integrated into each
Digital Optical Module (DOM). As previously reported [3, 4], the ice exhibits a strong anisotropy in
light propagation, aligned with the local ice flow direction. Measured at ∼125 m from an isotropic
emitter (averaging over many flashers), about twice as much light reaches DOMs on the flow axis than
on the orthogonal (tilt) axis (see figure 1). At the same time the arrival time distributions are nearly
unchanged compared to a simulation expectation without anisotropy. Several parametrizations
directionally modifying the scattering function, absorption or scattering coefficients have been
explored in the past with some success. However, none of them were able to fit intensity and timing
distributions simultaneously. Departing from the paradigm that the scattering of light in ice is only
caused by particulate impurities, light deflection resulting from asymmetric diffusion in birefringent
ice polycrystals with preferential c-axes distributions was proposed in 2019 [5]. Building on this
work, we present an IceCube ice model fitted to LED data, called SpiceBFR.

2 Simulating diffusion patterns

Simulating each crystal crossing over the full scale required during photon propagation is compu-
tationally unfeasible using the software introduced in [5]. Thus ensembles of photon positions and
directions for a given initial photon direction and crystal realization in otherwise optically perfect ice,
called diffusion patterns, are simulated for 1000 crystal crossings (∼1 m). These diffusion patterns
are then parametrized in terms of their diffusion, deflection and displacement (see section 3) and
applied in photon propagation (section 4). Considering Snell’s law, both the encountered refractive
indices as well as the boundary surface orientations dictate the resulting diffusion. The refractive
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Figure 1. Optical ice anisotropy seen as azimuth dependent intensity
excess in flasher data.

DOM pairs on nearby strings along flow axis

flasher data

no anisotropy

scattering

absorption

birefringence

absorption and
birefringence combined

time, ns

ch
ar

ge
, ⋅

10
4

0

5

10

15

20

25

30

35

40

600 800 1000 1200 1400 1600

IceCube preliminary

Figure 2. Comparison of fit qual-
ity achieved with different models of
anisotropy.

index experienced by the extraordinary rays depends on the opening angle between the wave vector
and the crystal axis of the traversed grain. Thus the distribution of c-axes found in many crystals, also
referred to as fabric, needs to be modeled and sampled from for each simulated grain. This is realized
as described in [6], with the characteristics fabric parameters ln(𝑆1/𝑆2) and ln(𝑆2/𝑆3) as also used
and measured during ice core analysis. Since the average grain shape is non-spherical, the distribu-
tion of boundary surface (or face) orientations depends on photon direction. Assuming the randomly
shaped, but on average elongated, ice crystal polyhedra are (on average) approximated well by an
ellipsoid, the face orientation distribution can be sampled from analytic functions ([7], pg. 169).
We here restrict ourselves to spheroids instead of arbitrary ellipsoids, as preferred by early fits.

3 Parametrizing diffusion patterns

Diffusion patterns (examples can be found in [5]) have been simulated for a wide range of spheroid
elongations and fabric parameters. These diffusion patterns have a strong central core with a tail
dominated by mainly single large-angle reflections. The distribution is modeled as a 2d-Gaussian on
a sphere, allowing scaling (with distance) relationships for mean displacement and width. The three
parameters of the 2d-Gaussian on a sphere are the two widths (in the directions towards the flow, 𝜎𝑥 ,
and perpendicular to it, 𝜎𝑦), and a single mean deflection towards the flow, 𝑚𝑥 . Mean deflection
in the perpendicular direction was zero for all considered cases. Because we mainly simulate small
deflections, we simulated the 2d-Gaussian in Cartesian coordinates, and then projected that to the
sphere with an inverse stereographic projection. The three parameters were fitted to the following
functions of angle 𝜂 of initial photon direction with respect to the ice flow, for simulations with a
fixed number of 1000 crystal crossings:

𝑚𝑥 = 𝛼 · arctan(𝛿 · sin 𝜂 cos 𝜂) · exp(−𝛽 sin 𝜂 + 𝛾 cos 𝜂) (deflection) (3.1)

𝜎𝑥,𝑦 = 𝐴𝑥,𝑦 · exp(−𝐵𝑥,𝑦 · (arctan(𝐷𝑥,𝑦 sin 𝜂))𝐶𝑥,𝑦 ) (diffusion). (3.2)

These functions were found to describe all considered crystal realizations with only 12 free param-
eters (𝐴𝑥,𝑦 . . . 𝐷𝑥,𝑦 & 𝛼 . . . 𝛿). Figure 3 shows the mean deflection for nine crystal configurations.
Note that increasing elongation has a stronger effect compared to a strengthening fabric.

– 2 –
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Figure 3. Deflection vs. opening angle to the
flow for nine crystal configurations.

Figure 4. Best fit crystal sizes. Error bars denote the
statistical uncertainty only.

4 Applying diffusion patterns in photon propagation

During photon propagation directions are only updated upon scattering. To minimize the com-
putational burden, the new birefringence anisotropy is discretized and also evaluated only at the
scattering sites. This requires scaling the diffusion & deflection to the number of traversed grains
between two scatterings. This introduces a new model parameter, the average grain size, and re-
quires taking into account the different average crystal chord lengths as a function of propagation
direction (described in [7]). As expected in a diffusion process, the deflection scales linear with the
number of traversed grains (𝑚𝑥 ∝ 𝑛) and the diffusion as the square root (𝜎𝑥 (𝑦) ∝

√
𝑛). To decouple

the fitting of anisotropy properties from the overall ice diffusion / scattering strength as much as
possible, the effective scattering Mie coefficient was reduced by the amount resulting from the
birefringence induced light diffusion. Updating not only a photon’s direction, but also the photon
coordinates (as it shifts transversely with respect to straight-path expectation), further improves the
quality of description of data and was implemented as described in [8].

5 Fitting to flasher data

Using the described model, 4 parameters are required to specify a birefringence anisotropy realiza-
tion. Allowing for a correction to the Mie coefficients adds a further two parameters. As minimizing
that many parameters for all layers in the ice model is not computationally feasible, we need to
identify some which are either depth independent or have a small effect. The required pre-fits,
as well as the final depth evaluation, were performed following the method described in [2]. We
minimize the summed LLH1 which compares the single-LED data set (where all 12 LEDs on all
in-ice DOMs were flashed one at a time) with full photon propagation simulation of these events
taking into account precisely known DOM orientations as measured in [10]. Fits for individual

1The minus log-likelihood, denoted here as LLH, is akin to the saturated Poisson likelihood, and can similarly be
used as a measure of the goodness-of-fit [9].

– 3 –
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Figure 5. Design sketch of the Pencil Beam. Figure 6. Intensity profile as the PB sweeps over a
receiver given two different anisotropy models.

layers were carried out by only including LEDs situated within the considered ice layer into the
LLH summation. During the pre-fits the following behavior was noted: given a girdle fabric
(ln(𝑆1/𝑆2) � ln(𝑆2/𝑆3)), the actual fabric strength has a small effect and cannot be distinguished
by the data. Accordingly the fabric has been fixed to values measured in the deepest sections of the
South Pole Ice Core, SPC14, [11] (ln(𝑆1/𝑆2) = 0.1 & ln(𝑆2/𝑆3) = 4). The fit is largely degenerate
in crystal elongation and size. Thus, the elongation was fixed to 1.4, which is a good fit at all layers
and similar to the values measured in SPC14 [12]. Fitting the remaining parameters, crystal size
and absorption & scattering correction for all layers, yields a significant improvement as seen for
example in the average light curves in figure 2 (birefringence only line). Still the best-fit does not
perfectly match the data and the required crystal sizes are far smaller than expected from SPC14.
After thorough checks, we decided to reintroduce scattering as well as absorption anisotropy, both
following the formalism as described in [3], into the fit. The fit does not make use of the scattering
anisotropy, but surprisingly the absorption anistropy is mixed into the birefringence model with a
significant non-zero contribution. This means a departure from a first-principle model, but was
adopted for its improvement in data-MC agreement. After including the absorption anisotropy,
crystal size and absorption & scattering correction were again fitted for all layers. Figure 4 depicts
the best fit stratigraphy of grain sizes. The overall grain size of ∼1 mm as well as the increase in
older and cleaner ice are as generally expected in glaciology [12, 13]. As seen in figure 2 the new
model significantly improves in matching the flasher data both in terms of timing and total intensity
with regards to older models and for the first time achieves an excellent data-MC agreement.

6 Future studies using the Pencil Beam in the IceCube Upgrade

The IceCube Upgrade [14], planned to be deployed during the 2022/23 season, marks the first
extension of the IceCube Detector. Over 700 additional modules, including a number of stand-
alone calibration devices [15], will be deployed on seven additional strings. Of particular interest for
the anisotropy are eleven so called Pencil Beam (PB) devices, as depicted in figure 5. They allow for
a laser-like beam to be directed in arbitrary directions, enabling in particular sweeps over receiver
directions (see figure 6). The birefringence induced deflection yields a unique signature, where
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the emission direction of maximum received intensity is offset from the geometric direction of the
receiver. Measuring sweeping profiles for several emitter-receiver pairs at different orientations will
allow to disentangle absorption and birefringence contributions to the anisotropy at high precision.

7 Summary and outlook

A model combining anisotropic absorption with light deflection resulting from propagation through
the birefringent ice polycrystal significantly improves on previous ice models. The model yields a
near perfect data-MC agreement for flasher data in timing and intensity variables and will improve
on event reconstructions while reducing systematic biases. In the fitting process the average crystal
size in the detector is deduced. While the birefringence model has been deduced from first principle,
the absorption contribution is so far unmotivated. Disentangling the absorption and birefringence
contributions will be the focus of future studies, in particular in the IceCube Upgrade.
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