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A precise understanding of the optical properties of the instrumented Antarctic ice sheet is crucial
to the performance of optical Cherenkov telescopes such as the IceCube Neutrino Observatory
and its planned successor, IceCube-Gen2. One complication arising from the large envisioned
footprint of IceCube-Gen?2 is the larger impact of the so-called ice tilt. It describes the undulation
of ice layers of constant optical properties within the detector.

In this contribution, we will describe the project to build a co-deployed laser dust logger. This is a
device to measure the stratigraphy of impurities in the ice to derive the ice tilt. It consists of a light
source that will be co-deployed with the photosensor modules, meaning it is part of the deployment
string and operated during the deployment of the detector. The newly developed device will be
tested during the deployment of the IceCube Upgrade in the 2025/26 austral summer to pave the
way for IceCube-Gen?2.
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A co-deployed dust-logging instrument

1. Ice stratigraphy

The IceCube Neutrino Observatory [1] is a cubic kilometer array of photosensors in the ice at
the South Pole, detecting neutrinos. Neutrino interactions produce charged secondary particles that
produce Cherenkov light. Since this Cherenkov light might get absorbed or scattered on its way
from its origin in the ice to the detector module, it is crucial to know the optical properties of the
ice for the reconstruction of neutrino properties from raw data.

Due to the ice formation over thousands of years and different dust concentrations in the air
at different times, ice with similar optical properties is arranged in layers [2]. These layers are
deposited at the same time and thus have the same optical properties. Therefore, they are called
isochrones. Looking at the isochrones over the whole depth of the ice gives the ‘ice stratigraphy’.
Certain features make it possible to relate the ice at a certain depth to known geological events in
time, e.g. volcanic eruptions [2] (visible as very narrow highly scattering layers) or global features
like the ‘dust layer’ with a high scattering coefficient over a larger depth range [2].

One way of measuring the scattering of light in ice is the ‘laser-based dust logging’ [2]. This
device shines laser light horizontally into the ice. The light will then be scattered in the ice layer
and a fraction scatters back to the instrument. An integrated photomultiplier tube (PMT) finally
collects the scattered light. This principle is used over the whole depth of the IceCube detector. The
result of these measurements for IceCube are shown in Figure 1. The signal strength is proportional
to the amount of impurities in the ice.

Additionally, these layers of optical properties are not flat over the full detector volume. The
layers follow the shape of the bedrock beneath the glacier and flatten out towards the surface.
These undulations, called ‘tilt’ in IceCube, can be measured by logging the stratigraphy at different
position within the instrumented ice. This was already done for IceCube with eight laser-based
dust-logger measurements [2]. Those measurements needed a separate deployment immediately
after drilling the hole, as well as a retrieval before the photosensors can be lowered. Therefore, this
procedure was very time-consuming. Since then, several other methods were explored to measure
the tilt. The currently used method in the IceCube ice model reconstructs the tilt with flasher LEDs
incorporated in the IceCube digital optical modules (short DOMs) [3]. Most recently, camera data

Prevailing
Wind

Y[m

IceCube 400
Hole#(year) [ ]

50 (06-07)
200~
66 (05-06) [ ]

21 (04-05)

Optical Signal

N Fiow @

W\—Z\%M -400- 101
14(10-11) 2

P R A M il aifine —— — ®
1400 1600 1800 2000 2200 Depth[l?n‘ggrs] -W\%}U

Figure 1: Stratigraphy measurements performed for IceCube. The left plot shows the optical signal in
arbitrary units over the depth in meter. The colors in this plot correspond to the color coded positions in the
detector layout on the right. (Taken from [2])
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was used for a feasibility study to measure the ice stratigraphy [4].

The tilt measurement will be crucial for the larger footprint and
larger module spacing envisioned for IceCube-Gen2 [5]. Hence, a more
practical version of the ‘dust logger’, called the LOMIlogger, will be tested
in the low energy extension of IceCube deployed this year, called the
IceCube Upgrade [6]. This is done to show the feasibility for IceCube-
Gen2.

2. Working principle of the co-deployed laser dust-logger

The LOMlogger needs, similar to the ‘dust logger’, an emitting light
source and a receiving photon detector. In the case of the LOMlogger, a
modified POCAM [7] and the lowest detector module on the instrumen-
tation cable are used. We call this concept co-deployed. Using parts
that will have a purpose beyond the stratigraphy measurement on the
instrumentation cable makes the operation more cost efficient and less
time consuming.

The emitted light fans out horizontally in a 60° opening angle into
the ice, until it gets scattered by dust particles. The extent in horizontal
direction leads to more statistics for the measurement. A low beam diver-
gence in vertical direction determines the resolution of the stratigraphy
measurement. The used laser will be operated in a pulsed mode with
an LD driver circuit, explained in [7]. The laser light source will be the
main focus of the following proceeding.

After the first scattering process, it scatters randomly through the
ice and eventually is detected by one of the PMTs in the detector module
2m above the emitter. In the case of the IceCube Upgrade version,
the light is detected by a LOM [8]. The LOM consists of 16 PMTs,
which improves the directional reconstruction of the detected photons.
The recorded data will be stored per PMT in 6 ms time bins, which
corresponds to one data point every 1 mm depth.

In order to shield the LOM from light that scatters through the water
column in the deployment borehole, baffles are needed. The black nylon
brushes should absorb the light, but let the water pass through it. There
are two positions for the baffles: one directly on top of the light source to
prevent the light from entering the borehole as soon as possible and one
halfway between the two modules to mitigate signal contribution from
reflected rays. Another mitigation strategy uses the directionality of
LOM PMTs. The PMTs facing the opposite side of the light source will
likely collect only scattered photons coming through the ice, whereas
the PMTs facing the light source might also collect photons reflected
through the borehole.

Figure 2: Sketch of the
LOMlogger setup with the
LOM at the top, a baffle
halfway between the two
modules and the POCAM
at the bottom with another
baffle attached on top of its
harness.
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3. Requirements for the optics

The LOMlogger project can learn from the dust logger measurements about its required
capabilities. The dust logger data was reanalyzed similar to the approach reported in [9]. The
data is also publicly available [10]. Using the dynamic time warping algorithm [11], the different
stratigraphy measurements could be compared. Features as described in section 1 could be matched
even though appearing at different depths in the different measurements.

It is important to identify which features are needed to still be able to match two measurements.
Therefore, the goal is to see which resolution is needed to recreate the original analysis of the
depth difference performed by Bay et al. [10] within £+1 m. To determine the resolution needed
for a reasonable stratigraphy, the available dust logger data (one data point every 2 mm) could be
averaged to have one data point every 20 cm before the dynamic time warping algorithm is not able
to match features properly. This leads to the conclusion that features with a size of approximately
20 cm are used by the algorithm to match different measurement. Hence, these features need to be
visible in the stratigraphy measurements.
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Figure 3: Alignment of two stratigraphy measurements over depth with different resolution (see labels in the
legend). The black line represents the original analysis [10] and the gray band (representing +1 m) around it
is the still allowed region for the fit to diverge from. The lower panel shows the absolute deviation between
Bay et al. and this analysis with the different resolutions.

This result was used to find a representative region in the stratigraphy with 5 features of a
FWHM of 20 cm (called peaks in Figure 4). Using the PPC simulation tool [12], the LOMlogger
was simulated varying the vertical inclination and the beam divergence. The simulation delivers the
anticipated stratigraphy where it uses the light source parameters as input. The beam divergence
was changed to see when those features would degrade to 50 % of the ideal peak height in the
stratigraphy simulation. This resulted in a beam divergence that should be less than 10°. Changing
the vertical inclination of the beam, shifts the scanned depth area. Hence, the beam inclination
should not surpass 10°. These results lead to the incentive to make the beam divergence as small
as possible and try to stabilize the device as much as possible during the deployment. The beam
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Figure 4: Simulation of degraded optical systems in a region with 5 representative 20 cm features.

divergence will be discussed later on. The device stability during deployment is mostly out of our
hands.

The other important parameter for this operation is the intensity of the laser. It should deliver
enough photons that scattered photons reach the receiving LOM, but not enough to saturate it.

The fraction of emitted photons expected to be detected by each PMT was gauged from a
PPC [12] photon propagation simulation of the LOMlogger system. In the clearest ice, where the
return probability is the lowest, it is 4.3 X 1078 per LOM PMT. The intensity ratio between the
cleanest and the most scattering ice as observed by the old dust logger is 30. So the detection
probability per LOM PMT in the most scattering ice is expected to be 1.3 x 107, The LOM PMTs
start to saturate at ~1000 PE per pulse, assuming a repetition frequency of 1 kHz. So the highest
permissible brightness is 8 x 10% photons per pulse. To still detect at least 10 photons per pulse in
the cleanest ice the light source shall not be dimmer than 3 x 10® photons.

4. Optics design

The requirements lead to a few components for the optics system. The complete optics system,
including the board that houses the laser is shown in Figure 5. In the following the different parts
get described from the bottom (near the PCB) up.

As a light source a 405 nm laser diode (RTL405-600MGE from Roithner) is used. The
wavelength was chosen, because ice is the most transparent for 405 nm light [13]. This makes it the
most efficient way to transport the light to the detector. The laser diode in particular was chosen,
because it was already tested for a similar purpose [14].

The laser beam will be focused by a Thorlabs LTN330-A Adjustable Laser Diode Collimation
Tube. The collimation is needed to make the laser as convergent as possible. Testing the prototype
this produced an ellipsoid beam profile with FWHM of 0.7 mm and 1.6 mm in x and y direction.
This beam profile will be further restricted with a pinhole after the collimator to get the needed
beam diameter of 0.4 mm for the beam optics. Beam profiles of the collimated beam and after the
pinhole can be found in Figure 6. The 2D-scans are performed by a photodiode on a 2 dimensional
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Figure 5: CAD model of the LOMIlogger optics on the POCAM analog board (bottom part). Sitting directly
on the board is the laser (white component) and the 3D-printed collimator holding structure (light green).
The 3D-printed part contains parts of the Thorlabs Collimation Tube (spring depicted in pink, lens in light
blue and collimation cap in violet). On top sits the 3D-printed Powell lens holding structure (dark green) with
integrated cavity for the neutral density filter (gray rectangle), pinhole (small gray bottle neck) and Powell
lens (dark blue part).

linear stage. The FWHM was calculated using the one dimensional profile of the beam, by summing
up the photodiode output over each column or row. Additionally, a 2D-Gaussian fit was performed
as a cross check to get a handle on the beam size.
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Figure 6: 2D-scan of the laser beam profile (lower left panel in the respective plots) with results for FWHM
calculation and 2D-Gaussian fit (given on the top). All quantities are given in mm. The right panel in each
plot shows the 1D-intensity profile in y-direction and the panel at the top in x-direction.

The requirements showed that a very thin beam in vertical direction is needed. On the other
hand the more light shines into the ice in the horizontal direction the more ice in one layer can be
probed. Therefore the beam needs to be shaped like a fan. This can be achieved by a LGL160
Powell lens. To produce a even distribution in intensity, the incoming beam needs to have a diameter
smaller than 0.4 mm. Hence, the pinhole is placed in front of the lens. A 2D-scan of the final beam
going into the ice is shown in Figure 7.

Besides the overall beam profile the divergence of the beam with the Powell lens is important.
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Figure 7: 2D-scan of the laser beam profile after the Powell lens was added (lower left panel) with results
for FWHM calculation and 2D-Gaussian fit (given on the top). All quantities are given in mm. The right

panel in the plot shows the 1D-intensity profile in y-direction and the panel at the top in x-direction.
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Figure 8: Result of the beam divergence measurement. Distance between laser and screen is plotted on the
x-axis and half the FWHM is plotted in the upper panel. This is used to perform the linear fit leading to the
divergence. The lower panel shows the residuals. The orange dots describe the data taken by the camera
method, the blue dot describes the linear stage method.

This was tested with camera pictures taken at different distances between laser and detection screen
(fluorescent paper). The divergence angle in y-direction can be calculated using the small angle
approximation of the tangent. In this case, a linear fit of distance between laser and screen and half
of the FWHM was performed. The result, the slope of the fit, is a divergence angle of 0.06(1)°
as shown in Figure 8. As can be seen in the plot the camera method and the linear stage method
described above deliver compatible results.

The laser intensity can be reduced with a neutral density filter, if needed. This measure accounts
for laser diode intensity variations. The filter can be placed between collimator and pinhole. The
reduction of the intensity by a factor of 4 was sufficient in most cases.
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5. Conclusion

The ice stratigraphy is an important way to improve the neutrino event reconstruction in
IceCube. It is the basis for the current ice model and can be improved by further measurements
conducted during the deployment of the IceCube Upgrade. It is also important regarding the tilt
expected in IceCube-Gen?2’s larger footprint.

The stratigraphy in the IceCube Upgrade can be measured with a newly developed version
of the dust logger using a laser light source (modified POCAM) shining light into the ice while
lowering the instrumentation cable into the ice. The light scattered in the ice is detected by one
of the photosensor modules (LOM). The two instruments are currently in production and will be
deployed this austral summer.

In order to measure the stratigraphy certain requirements for the optics need to be fulfilled.
The vertical beam divergence should be less than 10° and also the inclination of the beam should
be less than 10° to get a resolution smaller than 20 cm. Additionally, the intensity should be within
the range of 3 x 10% y to 8 x 10y per pulse to surpass the background, but not saturate the LOM.

These requirements lead to a beam design that is very narrow in the vertical direction, but can
be broad in the horizontal direction. This can be achieved with a 405 nm laser diode collimated and
shaped by a pinhole to an appropriate size for the Powell lens. The Powell lens produces a fan of
light with the desired dimensions.
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