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1. Introduction

Current neutrino telescopes consist of an array of digital optical modules containing one or more
photomultiplier tubes (PMTs). One of these experiments is the IceCube Neutrino Observatory [1]
located at the South Pole. IceCube is a Cherenkov detector consisting of 86 strings with 5160
digital optical modules in total that can detect neutrinos in the energy range from about ∼10 GeV
to several PeV and reconstruct their direction and energy from the amount and arrival times of the
photons measured by the DOMs. Therefore, an accurate understanding of PMT performance is
key for the correct reconstruction of events. An extension of seven additional strings is planned,
called the IceCube Upgrade, to reduce the energy threshold of the detector to about ∼1 GeV and to
more accurately calibrate the current detector [2]. The IceCube Upgrade will include new types of
optical modules, one of them is the multi-PMT digital optical module (mDOM). It consists of 24
PMTs of 80 mm diameter each, achieving a more than a factor two larger total photocathode area
compared to the current IceCube DOM while also providing intrinsic angular resolution.

PMTs are used to detect the light by converting it into an electrical signal. A PMT is a vacuum
tube containing a photocathode and a multiplication system consisting of a series of dynodes. The
vacuum housing is commonly made of borosilicate glass. The photocathode is a semi-transparent
thin layer of a compound semiconductor evaporated on the inside of the glass window of the PMT.
The mDOM PMT uses biakali as the photocathode material. When a photon hits the PMT, it can
be converted into a primary electron in the photocathode by the photoelectric effect. The primary
electron is then accelerated to the dynode system where it is multiplied. At the end, the secondary
electrons are collected at the anode.

In this work, three methods for the detailed study of the performance of the mDOM PMTs (Hama-
matsu R15458-02 [3]) are presented, namely a PMT inhomogeneity study (see chapter 2), the
photocathode optical properties study (see chapter 3), and the electron tracing simulation (see
chapter 4).

2. PMT inhomogeneity studies

When characterizing the properties of PMTs, only the average parameters are usually mea-
sured, since the entire photocathode surface is illuminated during the measurements. To study the
inhomogeneities of a PMT, the photocathode of the PMT can be scanned with collimated light.
In [3, 4] the PMT was scanned in a grid of 1.2 mm × 1.2 mm to measure several performance
parameters. The PMT always had the internal component orientation shown in figure 1a. As an
example, the results for the relative transit time are shown in figure 1b. The transit time is the time
difference between absorption of the photon at the photocathode and time of the PMT signal. In
this case the transit time is measured at a wavelength of 459 nm and plotted relative to the mean of
the central area of the PMT (radius < 30 mm). It can be observed, that the transit time increases at
the edge of the PMT, except of the case of the negative y-values. This is believed to be caused by
the different paths that the primary electrons can take on the way to the first dynode.

The homogeneity studies were also performed at different wavelengths in [3]. Figure 2 shows
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(a) (b)

Figure 1: a): Orientation of the internal components of the PMT during the scans. b): Relative transit time
scan of a PMT at 459 nm. Figure taken from [3].

Figure 2: Detection efficiency scan of an mDOM PMT for 460 nm, 560 nm and 640 nm. Figure taken from
[3].

the detection efficiency at 460 nm, 540 nm and 620 nm. For 460 nm, it can be seen that the de-
tection efficiency decreases at the edge of the PMT. The internal components of the PMT are also
visible due to light reflection from these components. It can be noticed that the homogeneity of the
detection efficiency decreases with increasing wavelength. Additional structures can also be seen
next to the structures of the internal components for higher wavelengths. These new structures are
thought to be due to differences in the thickness of the photocathode along the PMT [3].

The results of the scans motivate to investigate the PMTs in more detail. On the one hand with
respect to the photocathode and its optical properties and thickness and their influence on the PMT
efficiency. On the other hand, with respect to the dependence of pulse parameters on the trajectories
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of the primary electron inside the PMT. The first results of these two new studies will be described
in the chapters below.

3. Measurement of the optical properties of the photocathode

One way to investigate the PMT in more detail is to analyze the optical properties of the
photocathode, such as the complex refractive index 𝑛∗ and thickness 𝑑, to gain a better understanding
of their influence on the PMT efficiency. The quantum efficiency (QE) of a PMT, which describes
the ratio of the number of primary electrons to the number of incident photons, can be described
by a three step process: the absorption probability of the photocathode, the electron diffusion in
the photocathode and the escape probability into the vacuum. The absorption probability can be
calculated from the imaginary refractive index and the photocathode thickness and, therefore, they
are qualitatively related to QE. Inspired by [5], an ellipsometer was commissioned and characterized
to measure the optical properties of the photocathode. Using an ellipsometer one is able to analyze
the optical properties of thin layers by measuring the change in polarization of light after reflecting
at a sample. The light from the laser is passed through a combination of a polarizer and a quarter
wave plate to obtain a specific polarization and is analyzed by a second polarizer (called analyzer)
after the reflection. The intensity after the analyzer as a function of the polarizer and analyzer
angles is measured using a photodiode. Following the methodology of Null-Ellipsometry [6], the
angles resulting in extinction are used to calculate the ellipsometry parameters 𝜓 and Δ. These
relate to the reflection coefficients 𝑟𝑠, 𝑝 of s- (perpendicular) and p- (parallel) polarized light via

tan(𝜓) =
|𝑟p |
|𝑟s |

and Δ = 𝛿𝑟p − 𝛿𝑟s , (1)

where |𝑟p,s | describes the amplitude and 𝛿𝑟p,s the phase. For any system and incidence angle
the expected 𝑟𝑠, 𝑝 for an assumed set of refractive indices and thicknesses can be calculated with
Fresnel equations. The true optical properties of the system are deduced by repeating the above
measurements and calculations for a large set of incidence angles (see figure 5). The PMT can be
thought as a four layer system and the reflection coefficients are calculated with Fresnel equations.
The first layer describes the ambiance with a refractive index of 𝑛1 in which the PMT is located. The
second layer represents the glass window of the PMT with a refractive index of 𝑛∗2 = 𝑛2 + 𝑖 · 𝑘2. The
photocathode can be considered as the third layer and has a complex refractive index of 𝑛∗3 = 𝑛3+𝑖 ·𝑘3

and a thickness of 𝑑. Since the photocathode is a thin layer (thickness of this layer is much smaller
than the wavelength of the laser), the general Fresnel equations must be adapted, since interference
can occur within the photocathode. The last layer is the vacuum inside the PMT with a refractive
index of 𝑛4 = 1. Using the description of the PMT as a four layer system, the reflection coefficient
𝑟234 for the reflection at the photocathode can be calculated as follows:

𝑟234 =
𝑟23 + 𝑟34 exp(2𝑖𝜌)
1 + 𝑟23𝑟34 exp(2𝑖𝜌) with 𝜌 =

2𝜋𝑑
_

𝑛∗3 cos(\3), (2)

where 𝑟𝑖 𝑗 is the reflection coefficient at the boundary between layer 𝑖 and 𝑗 and 𝜌 describes the
phase difference. The phase shift that occurs depends on the wavelength _ as well as the angle of
incidence on the photocathode \3, which can be calculated with the help of Snell’s law from the
incident angle at the first layer \1. For a more in depths understanding, the reader is referred to
[5, 6].
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3.1 Setup

Figure 3: Illustration of the PMT with
the gelpad sphere.

The sample used is an mDOM PMT with a gel hemisphere
(see figure 3) attached on the center of the photocathode win-
dow, which is inserted in the setup shown in figure 4. This
ensures that the laser beam is always perpendicular to the gel
sphere when measuring the center of the photocathode. In
addition, the gel sphere has two other advantages: on the one
hand, the PMT is in a medium with a refractive index greater
than 1, which leads to a peak at the critical angle in the re-
flection that can be fitted more precisely. On the other hand,
the reflection from the glass disappears, so the beam is not
displaced by the glass and hits the center of the photocathode
directly, as the refractive index of the glass is nearly equal to
the refractive index of the gel. The measurements are done at
a wavelength of 480 nm for different angles of incidence between 25◦ and 58◦ always measuring the
same point at the PMT center. At this wavelength the absorption of the glass bulb is negligible and
𝑘2 can be assumed to be 0. The setup shown in figure 4 was characterized with different reference
samples in [7].

3.2 Results

First results of the above described measurement are presented in figure 5. The right side shows
the tangent of the ellipsometry parameter 𝜓 and the left plot the parameter Δ. These two curves
are simultaneously used to fit a number of parameters, among these the complex refractive index
𝑛∗3 and the thickness 𝑑 of the photocathode (see equation 1 and 2). The resulting best estimates are
listed in table 1 together with reference values from [5]. Since the semiconductor mixture of the
photocathode is unknown, the reference values of two possible materials at the closest wavelength

Figure 4: Picture of the used ellipsometry setup. QWP stands for quarter wave plate.
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(485 nm) to the measurement were presented. The thickness of the photocathode is expected to be
around 20 nm [5].

Table 1: Complex refractive index of two possible photocathode materials and the values of the complex
refractive index and thickness of the photocathode from the fit. Values for K2CsSb and RbCsSb taken
from [5].

refractive index 𝑛 extinction coefficient 𝑘 thickness 𝑑
fit values (2.54 ± 0.08) (1.13 ± 0.03) (34.8 ± 1.7) nm

K2CsSb (485 nm) 3.00 1.11
RbCsSb (485 nm) 2.99 1.37

The index of refraction is lower than that reported in [5], while the thickness is 1.5 times
greater than described in [8]. These differences could potentially be attributed to variations in
photocathode thickness between PMT models or different photocathode compositions. However,
these discrepancies might also indicate systematic issues in the setup, such as misalignments or
impurities in the gel-pad. To verify that the measurements are reasonable, the absorption of the
PMT can be calculated. The absorption must be greater than the QE of the PMT. This is indeed
the case, and the absorption agrees with the expectation as calculated from the reference values.
Also, refraction measurements for the same incident angle should be incorporated to the analysis to
further constrain the fit parameters. In the future, more mDOM PMTs will be measured. The goal
is to also determine the thickness variation between different PMTs.
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Figure 5: Ellipsometry parameters plotted against the incident angle.

4. Electron tracing simulation

Another way to study the PMT in more detail is to simulate the electron trajectory inside the
PMT. The goal of this simulation is to gain a better understanding of the electron trajectory inside
the PMT and the influence of the starting parameters of the primary electron. The simulations
are carried out with COMSOL Multiphysics®, which uses the finite element method (FEM) to
solve the equations of motion of the electron as well as the stationary electric field inside the
PMT. The geometry of the PMT is imported into the simulation using a CAD file. This file was
created with the help of a CT (computed tomography) scan and the geometry is believed to be
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accurate to the order of 10 µm. Note that such simulations have been used previously in [9] to
investigate the timing properties of afterpulsing of a PMT, though, with a significantly less detailed
PMT model. In the simulation, the primary electron is defined by the following initial parameters:

Figure 6: Visualization of 100 simulated electrons,
all starting at the same location on the photocathode
but with different starting directions.

• Position: This can be evenly distributed
across the photocathode or set at specific
points to simulate scans.

• Energy: The energy is sampled from an
asymmetric Gaussian distribution. The
shape of the distribution is dependent on
the wavelength of the incoming photon
[10].

• Starting direction: The starting direction
is sampled according to Lambert’s cosine
law [8].

For the simulation of a scan measurement, 10 000 electrons were simulated at different positions on
the photocathode. When a primary electron hits a dynode, it produces a single secondary electron
at rest (no multiplication is simulated). An example of 100 simulated electrons is shown in figure
6. The figure shows the simulated electron paths, all starting from the same point at the same time.
The color of the electron trajectories describes the time.

4.1 Results

The simulation described above is performed along the x and y axis of the PMT photocathode
in 1 mm steps to simulate the scan described in Section 2. The results of this simulation are pre-
sented in figure 7 (blue dots) compared to the results (orange triangles) of the previously described
photocathode scans (see section 2). The absolute transit time, shown on the secondary y-axis, is
obtained from the simulation and so only valid for the simulated data points.
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Figure 7: Results for the simulation of the scan of the photocathode (blue dots) together with the measured
data (orange triangles) reused from [3]. The data is normalized to the central region with 𝑟 ≤ 30 mm. The
left plot shows the scan along the x-direction while the right plot shows the y-direction. The secondary y-axis
shows the absolute transit time obtained from the simulation.
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It can be seen that the simulation generally agrees with the measured transit time depending
on the starting position of the photoelectrons, but there are also differences, as in the case of the
y-axis between −40 mm and 10 mm. While this matter is currently under investigation, the current
hypothesis is that the collection efficiency of the 2nd dynode is lower in this region as electrons can
hit the 3rd dynode in the back. This effect is mostly present for electrons starting from this region.
This would mean that electrons closer to the second dynode might not get past it. These would be
the ones with smaller trajectory length and correspondingly lower transit time. Further explanation
could be missing features in the simulation like the proper multiplication within the PMT and that
interactions between the electrons are not yet simulated.

5. Conclusion

Three different methods for a detailed study of PMTs have been presented. The inhomogeneity
along the photocathode and its influence on the PMT performance have been studied using PMT
surface scans. This led to the idea of two further investigation methods. The first of these delves into
the complex refractive index of the photocathode and its thickness, from which the PMT efficiency
can be calculated. First ellipsometry measurements yielded promising estimations for the optical
parameters of the mDOM PMT. The second method involves simulating the electron trajectories
within the PMT and examining how initial conditions namely energy, position, and direction affect
PMT performance. This approach has produced results consistent with measurements, thereby
simplifying the process of interpreting these observations. Though both studies are still in progress,
the preliminary results provide a promising outlook for a more detailed understanding of PMTs.
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