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ABSTRACT: The 3-inch Hamamatsu R14374-02 photomultiplier tube is an improved version of the
R12199-02 model and its successor in the construction of the KM3NeT neutrino telescope. A total
of 1000 photomultipliers were analysed to assess their dark count rate, transit time spread, and
spurious pulses. A subset of 200 photomultipliers were further evaluated to determine their quantum
efficiency which is an essential parameter for Monte Carlo simulations of the detector response.
The measurements show that R14374-02 model has better quantum efficiency homogeneity over the
photocatode and better time properties than the R12199-02.

Keyworbps: Cherenkov detectors; Neutrino detectors; Optics; Photon detectors for UV, visible and IR
photons (vacuum) (photomultipliers, HPDs, others)

ARrRX1v EPrRINT: 2504.02989

© 2025 The Author(s). Published by IOP Publishing Ltd on behalf of
BY Sissa Medialab. Original content from this work may be used under the .
terms of the Creative Commons Attribution 4.0 licence. Any further distribution of this httpS://dOl.O['g/lO. 1088/1748-022 1/20/07/P07054

work must maintain attribution to the author(s) and the title of the work, journal citation
and DOL.


mailto:andreino.simonelli@na.infn.it
https://doi.org/10.48550/arXiv.2504.02989
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1748-0221/20/07/P07054

Contents

1 Introduction 1
2 Quantum efficiency measurements 2
2.1 Quantum efficiency results 3
3 Noise, gain and time properties comparison 5
3.1 Gain and High Voltage calibration 6
3.2 Dark count rates 6
3.3 Measurement of PMT time characteristics and of spurious pulses 7
4 Conclusions 9
The KM3NeT collaboration 12

1 Introduction

KM3NeT is a research infrastructure that comprises two deep-sea neutrino detectors located at the
bottom of the Mediterranean Sea [1]. The two detectors, ARCA and ORCA, are optimised for different
studies. The detection principle relies on the collection of Cherenkov photons emitted along the path
of relativistic charged particles produced in neutrino interaction in or close to the detectors. The
ARCA detector, which is designed for high-energy astrophysical neutrino studies, is located off the
coast of Portopalo di Capo Passero in Italy at a depth of 3500 meters below sea level. ARCA currently
comprises 33 deployed detection units (DUs) [2] with a total of 18414 photomultiplier tubes (PMTs).
The ORCA detector, which is dedicated to the study of atmospheric neutrino oscillations and to the
determination of the neutrino mass ordering, is located off the coast of Toulon in France at a depth of
2500 meters below sea level. ORCA currently has 23 deployed DUs containing a total of 10044 PMTs.
When completed, the two detectors will comprise in total 345 DUs, with a total of 192510 PMTs.
PMTs are essential components of both detectors, and their performance is critical to the success
of the telescopes. Not only a high sensitivity of the photosensors is required but also their timing
response has to fullfill requirements that guarantee a good angular resolution when the direction of the
neutrino is reconstructed. Both detectors have a modular matrix-like structure with multiple detection
units. Each DU comprises 18 digital optical modules (DOMs) [3, 4] attached at a fixed distance from
each other. The DOM:s are mechanically supported by two T™Dyneema ropes, while an optoelectronic
cable provides power to each DOM and ensures the optical connection for data collection and control.
Data are transmitted to the base module (BM) mounted on the DU anchor on the sea floor. Both the
ARCA and ORCA detectors are designed with the same type of DOMs. The main difference between
the two detectors is the distance between the optical modules: 36 m for ARCA and 9 m for ORCA in
the vertical direction; 90 m for ARCA and 20 m for ORCA in the horizontal direction. Each DOM
comprises 31 3-inch PMTs that are enclosed inside a 17-inch pressure-resistant glass sphere. The
requirements for the PMTs in the KM3NeT detectors were previously outlined in reference [5, 6]
and are summarised in table 1. In the initial phase of the construction of the KM3NeT detectors



Table 1. Main characteristics of PMTs used in the KM3NeT detectors (spe refers to single photoelectrons and
¢ps to counts per second).

Photocatode diameter > 72 mm
Nominal Voltage for gain 3 x 10° 900-1300V
Quantum Efficiency at 470 nm > 18%
Quantum Efficiency at 404 nm > 25%
Peak-to-Valley ratio >2.0
Transit Time Spread (FWHM) < 5ns
Dark count rate (0.3 spe threshold, at 20 °C) | 2000 cps max
Prepulses between —60 ns and —10ns 1.5% max
Delayed pulses between 15 ns and 60 ns 5.5% max
Late afterpulses between 100 ns and 10 ps 15% max

the Hamamatsu R12199-02 PMT was used, a 3-inch curved photocatode head-on type PMT with a
standard bi-alkali metal photocatode and ten dynodes. In cooperation with the KM3NeT collaboration,
Hamamatsu released a new and improved 3-inch photomultiplier tube named R14374-02 which has
less spurious pulses. Spurious pulses in PMTs refer to signals that are not generated by the light
hitting the PMT. The Hamamatsu R14374-02 PMT is by now widely used in various fields such as
particle physics, nuclear physics, and medical imaging. In this study the measurements carried out
on the R14374-02 PMT are compared to the results reported in reference [6]. This will ensure the
compliance with the technical specifications of the KM3NeT experiment and highlight the technical
enhancements. Furthermore, this study represents a milestone in testing and validating the tabletop
apparatus shown in figure 1 which is specifically dedicated to the characterisation of the quantum
efficiency (QE) of photomultiplier tubes. Quantum efficiency is an important parameter characterising
the PMT photocathode, which is the first active component of the detector interacting with photons.

2 Quantum efficiency measurements

The quantum efficiency of a photomultiplier is defined by the ratio of photoelectrons produced after
the photoelectric effect takes place in the photocathode to the number of incident photons hitting the
active area. It depends on the wavelength of the incoming light and should not be affected by exposure
time or source fluence. To assess the quantum efficiency of R14374-02 photomultipliers, the apparatus
shown in figure 1 was used. The technical and methodological approach to achieve the most accurate
estimation of quantum efficiency are described in detail in reference [8]. The measurement method
is based on the absolute radiometric technique. A calibrated power-meter quantifies the number of
incident photons illuminating the device under test, while a calibrated picoammeter measures the
resulting photocurrent. For a photomultiplier tube, the best estimation of the photocathode quantum
efficiency is achieved by collecting the photoelectrons emitted via the direct photoelectric effect
into the vacuum, then collected by the first dynode. This completely automated setup enabled the
acquisition of quantum efficiency measurements for a set of 200 R14374-02 photomultipliers. The
quantum efficiency curve is derived from the average of 200 measurements, and the error is estimated
as the standard deviation of the set of measurements at a fixed wavelength.
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Figure 1. The test setup for photocatode scan and quantum efficiency measurements at the Capacity laboratory
of the Istituto Nazionale di Fisica Nucleare (INFN) located in Caserta. The dark box contains the PMT under
test and the 2D moving stage. The lower part of the picture shows the Xenon lamp, the monochromator and the
electronic circuits required for the data acquisition.

2.1 Quantum efficiency results

Individual current measurements for the 200 PMTs are shown in figure 2. The right panel represents
the reference power spectrum of the light incident on the PMT photocatode wich is used to calculate
the quantum efficiency. The mean quantum efficiency curve shown in the left panel of figure 3 was
obtained averaging all measured QE values. The errors are calculated as the standard deviation
of the wavelength by wavelength measurements as described in reference [6] for the Hamamatsu
R12199-02 PMTs. This result is shown in the right panel for comparison. In this study not only the
QE in the centre of the PMT is measured but also the radial homogeneity of the quantum efficiency.
The two-dimensional scan of the photocatode reveals radial dishomogeneity, particularly an increase
in efficiency at the outer rim due to the back reflection of incident light occurring in the internal metal
structures of the PMT. This back reflected light stimulates a secondary photoelectric emission on the
photocatode. The effect is well known and described in various technical reports [9, 10]. The lowest
value of QE is found at the centre of the active area of the PMT where back-scattered light is minimised
and trapped and diffused in the dynode structure. To explore the radial distribution of the quantum
efficiency the distribution was measured on a smaller set of ten R12199-02 and R14374-02 PMTs
(figure 4). This investigation is performed at the wavelength of 450 nanometers. The difference in QE
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Figure 2. Raw data (left panel) of photocurrent output as collected from the first dynode for 200 PMTs and the
reference spectrum (right panel).
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Figure 3. Photocatode quantum efficiency measurements as a function of the wavelength for 200 R14374-02
(left) and 46 R12199-02 (right).
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Figure 4. Radial scan over the photocatode surface, showing the quantum efficiency as a function of radial
distance from the center, for a wavelength of 450 nm. The blue curve shows the data collected with R14374-
02 PMTs, the red curve refers to the R12199-02 PMTs measurements.
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Figure 5. Dark-Box apparatus and two trays of 31 R14374-02 PMTs corresponding to two DOMs. The details
can be found in [14].

at 450 nm at the photocathode centre between the two PMT types is consistent with that in figure 3;
indeed at this wavelength the new model has a slighly higher QE. The results reveal a dissimilarity
between the two models, with the new model displaying a reduced contrast from the edge to the centre.
However, no significant improvements in QE were expected for the R14374-02 since the technology
for bi-alkali photocatode deposition remains the same [11].

3 Noise, gain and time properties comparison

The time characteristics of a PMT are vital for photon counting applications. To assess these
characteristics a set of 1000 PMTs equipped with the digital base used in KM3NeT detectors [12, 13]
was examined. To perform the measurements, a specific tool called Dark-Box shown in figure 5 and
described in [14] was used. The Dark-Box is a wooden box equipped with removable trays designed
to hold the PMTs being tested. An electrical cabling system is used to connect the PMTs to the data
acquisition system located outside the box, while maintaining the same time signal delay for all PMTs.
The data acquisition system is designed to replicate the electronics system of the DOMs and includes
a control board equipped with two signal collection boards to interface with each set of 31 PMTs. The
control boards are synchronised at the subnanosecond level through the White Rabbit protocol [7]. To
illuminate all PMTs at single photon electron level, a picosecond pulsed laser and a calibrated optical
splitting system are used. The Dark-Box can accommodate up to 62 PMTs per measurement session
and generates for each PMT a report with the number of dark noise counts, high voltage tuning for
a specific gain, and response properties of spurious pulses such as prepulses, afterpulses, and delayed
pulses. To simulate a downsized detection unit made of two DOMs in a laboratory environment, the
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Figure 6. Left: high voltage tuning results. Right: the distribution of the dark count rates (cps) is shown.

Dark-Box employs a picosecond laser with tunable repetition rate as source. The output of the laser
is split by a 1-to-62 optical fiber splitter that guarantees an intensity splitting accuracy better than
one percent. A typical measurement takes about 12 hours to be completed. The apparatus had been
previously used to conduct a large-scale set of S000 measurements on the R12199-02 model [6]. The
results obtained with the Dark-Box are aggregated and summarised statistically. The PMTs are tested in
the same state as when they would be integrated into the DOMs, equipped with their bases and coated
with the same insulating varnish used for the bases. More information on the mechanics, electronics,
laser calibration system, and the performance of the DarkBox can be found in reference [14].

3.1 Gain and High Voltage calibration

The nominal high voltage (HV) required to achieve a gain of 3 x 10°, defined as the ratio between
anode and photocatode currents, is provided by the manufacturer for each PMT. However, in KM3NeT,
PMTs are used in pulse mode, where most of the detected pulses are due to single photoelectrons.
A tunable threshold discriminator on the digital base used on each PMT of KM3NeT provides a
rectangular signal whose duration is called time over threshold (ToT). This value is sent to the Central
Logic Board (CLB) of the DOM for digitisation. The method for determining the HV tuning involves
adjusting the high voltage to ensure that the photomultiplier tubes exhibit the same time over threshold
(ToT) peak time. This approach is identical to the one used in the study on the R12199-02 [6]. The
peak value of the ToT distribution at 26.4 ns for a spe signal at 0.3 spe threshold was used to set the
HYV value for each PMT, and these values are referred to as the “tuned HV.” In figure 6 (left) the HV
values obtained after the tuning process in the Dark-Box are shown.

3.2 Dark count rates

Dark counts can significantly affect the performance of a PMT by generating a background signal
that can mask the signals of interest. Therefore, it is important to characterise the dark count rate
of PMTs to ensure their proper operation in a detector. The dark count rate is affected by several
factors, including the photocathode area, the photocathode material, and the natural radioactivity in
the structure of the PMT. Bialkali photo cathodes, which are used in KM3NeT PMTs, have a low
dark count rate per unit area (100 cps/cm?) wich is common for high-quality, low-noise PMTs. The



natural radioactivity in the structure of the PMT can also contribute to the dark count rate, and the
most important components are usually “°K and Th contained in the glass envelope. The measured
distribution for 1000 PMTs is shown in figure 6 (right), the mean value obtained is 530 counts per
second at the tuned HV value. The result was obtained under ambient conditions representative of
typical human comfort, with diurnal temperature fluctuations ranging approximately from 20 °C to
25 °C. Despite these variations, the outcome remains well within the experimental specifications.

3.3 Measurement of PMT time characteristics and of spurious pulses

Spurious pulses that are correlated in time with expected PMT responses include prepulses, delayed
pulses, and afterpulses. The presence of spurious pulses can significantly degrade the time resolution
of the PMT causing errors in time measurements and leading to false triggers. Therefore, measuring the
probability of occurrence of spurious pulses is an important step in characterising PMT performance.
To measure the fraction of spurious pulses and estimate the PMT time performance, the PMTs were
illuminated with a 470 nm laser operating in the single photoelectron regime, with a frequency of
20 kHz. Data from runs of 10 minutes were collected and analysed.

3.3.1 Afterpulses

Afterpulses are additional noise pulses that occur after the main response of a photomultiplier tube
to a detected light event. They can be classified as either early or late afterpulses. Early afterpulses
are caused by light emitted from the various stages of the dynodes structure, which can reach the
photocatode and generate more photoelectrons. Typically, PMTs exhibit early afterpulses within
10-80 nanoseconds after the primary pulse. Late afterpulses are caused by residual gases within the
PMTs that are ionised by the passage of electrons through the space between the photocatode and
the first dynode, as well as through the multiplier structure. The positive ions that are generated can
drift backward and some can find their way back to the photocatode. The time taken for the ions
to return to the photocatode can range from hundreds of nanoseconds to tens of microseconds and
depends on various factors, such as the type of ions, their location, and the supply voltage. In a 3-inch
PMT, early afterpulses occur within approximately 20 nanoseconds after the first hit. However, due to
the limitations of the KM3NeT front-end electronics, direct measurement of early afterpulses is not
possible when consecutive hits have a time difference of less than 26 nanoseconds. The first photon
hits are defined as pulses detected in a window of 200 ns around the expected arrival time of the PMT
signal. The percentage of afterpulses can be calculated by dividing the number of first hits in the
[Tpeak +100.5 ns, Tpeax + 10 ps] time window by the total number of first hits, where Tjeqx corresponds
to the centre of the maximum bin (transit time peak). The histogram of the afterpulse fraction measured
for the entire 1000 PMT sample is shown in figure 7 (left) where the distribution at the top refers to
the R14374-02 and shows the improvement with respect to the R12199-02 distribution at the bottom.

3.3.2 Delayed pulses

Delayed pulses are due to the elastic scattering of photoelectrons on the first dynode and are detected at
a time that is about twice the transit time from the photocathode to the first dynode, causing a bump at
around 35 ns in the falling edge of the main peak. The percentage of delayed pulses can be calculated
by dividing the number of first hits in the [Tpeax + 15.5 ns, Tpeax +60.5 ns] time window by the total
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Figure 7. Measurements of the rate of delayed pulses (right) and after pulses (left) for a set of 1000 PMTs
R14374-02 (top row) and, for comparison, for the R12199-02 model as reported in [6] (bottom row).

number of first hits. The measured distribution of delayed pulses for the R14374-02 model (figure 7
(top) ) shows lower values and is narrower the distribution for the R12199-02 model (figure 7 (bottom)).

3.3.3 Prepulses

Prepulses in photomultiplier tubes are spurious pulses that occur before the main PMT pulse. These
prepulses can be a problem in applications where low background signals need to be measured
accurately. The main cause of prepulses is the emission of a photoelectron at the first dynode or
in structures after the photocatode. Non-uniform field emission can also lead to prepulses. In a
PMT, the electric field is used to accelerate the photoelectrons from the cathode to the first dynode.
If the electric field is not uniform across the surface of the cathode, some photoelectrons may be
accelerated more than others, leading to a distribution of arrival times at the first dynode. Prepulses
can be reduced by using high-quality cathode materials, minimising contamination of the cathode
surface, and ensuring that the electric field is uniform across the cathode surface. Additionally,
some PMT manufacturers have developed special coatings or treatments for the cathode to reduce
prepulses. The percentage of prepulses for this study is defined as the ratio of hits within the window
[Tpeak — 60.5 18, Theak — 10.5 ns] to the total number of first hits. The distribution of prepulses is
shown in figure 8 (left), for the R14374-02 (top) and for the R12199-02 (bottom). Note the change of
scale between bottom and top plot: prepulses are significantly reduced in the R14374-02.

3.3.4 Photoelectron transit time

Time characteristics of PMTs are measured by detecting and analysing the so called first photon
hits, i.e. pulses detected in the window [TO, TO + 200 ns], where TO is the calculated arrival time
of laser photons on the PMT surface. First hits must have no hits before them in the defined time
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Figure 8. Measurements of the rate of prepulses and transit time spread for a set of 1000 PMTs R14374-02 (top
row) and, for comparison, for the R12199-02 model as reported in [6] (bottom row).

window. The earliest high peak of the distribution corresponds to the PMT transit time, having already
subtracted the travel time of photons in the optical path and the electronic time latency between
the laser trigger signal and the laser optical output. These optical and electronics delays are fixed
and measured during the DarkBox setting-up [14]. The value of the transit time is determined as
the centre of the bin with the maximum counts. The transit time spread is defined as the FWHM
of the main peak. It is determined by counting the number of bins for which the content value
is greater than half of the maximum bin content. The final distribution of TTS over the PMT set
is shown in figure 8.

4 Conclusions

The apparatus described in reference [8] was used to investigate the quantum efficiency of a group
of 200 photomultiplier tubes of type Hamamatsu R14374-02. The result indicates that the quantum
efficiency curve of the new model is consistent with the one measured in [6]. A radial dishomogeneity
through a linear photocatode scan partially documented in the literature [9, 10], was observed. To
investigate the radial behaviour over a group of ten R12199-02 and ten R14374-02 PMTs, the circular
symmetry of the effect was analysed. The results show better homogeneity in the radial dependence of
the quantum efficiency for the new model, as well as a slightly higher QE value in the centre. Also the
time properties have been measured. A substantial and evident difference was observed between the
two models. The distributions of both afterpulses and delayed pulses favour the new model because the
dispersion of the distributions is narrower. The same apparatus previously employed in reference [6]
was used to measure the time properties of the new R14374-02 model on a set of 1000 PMTs, and the
results showed a noticeable improvement in the time characteristics of this model compared to the
previous one. The performances described in the manuscript meet the requirements of the experiment
and suggests that the new model of 3-inch PMT currently in use in the current KM3NeT detectors
will improve the overall performance of the entire detector.
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