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ABsTrACT: The KM3NeT research infrastructure, currently under construction in the Mediterranean
Sea, will host neutrino telescopes for the identification of neutrino sources in the Universe and for
studies of the neutrino mass hierarchy. These telescopes will house hundreds of thousands of
photomultiplier tubes that will have to be operated in a stable and reliable fashion. In this context,
the stability of the dark counts has been investigated for photomultiplier tubes with negative high
voltage on the photocathode and held in insulating support structures made of 3D printed nylon
material. Small gaps between the rigid support structure and the photomultiplier tubes in the
presence of electric fields can lead to discharges that produce dark count rates that are highly
variable. A solution was found by applying the same insulating varnish as used for the high voltage
bases directly to the outside of the photomultiplier tubes. This transparent conformal coating
provides a convenient and inexpensive method of insulation.

Keyworbps: Instrument optimisation; Large detector systems for particle and astroparticle physics;
Neutrino detectors; Photon detectors for UV, visible and IR photons (gas) (gas-photocathodes,
solid-photocathodes)
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1 Introduction

The stability of photomultiplier tubes (PMTs) is strongly influenced by electric fields. In particular,
electric fields generated in the glass envelope or close surroundings of the PMT are often responsible
for erratic and unstable behaviour. PMTs can be operated with a positive or a negative high voltage.
The use of positive high voltage implies that the cathode is at ground potential. In this case, in
order to have no field gradient and good performance it is sufficient to keep the glass case of the
PMT and the material in contact with ground potential. Therefore, positive high voltage is usually
the preferred mode of PMT operation [1, 2]. However, for applications with the anode directly
coupled to an external circuit, the use of negative high voltage is convenient. In this case, optimal
and stable performance can be obtained provided that precautions are taken to eliminate electric
fields in the vicinity of the PMT. Several solutions can be adopted to overcome this problem such
as wrapping the PMT glass envelope with insulating tape or connecting any external conductor in
contact with the PMT window or the glass envelope to cathode potential. Only good insulators
should be brought into direct contact with the PMT. These precautions, although useful, have some
drawbacks: wrapping insulating tape is time consuming and the connection of all surrounding
materials to cathode potential implies a more complicated structure of the PMT holder. This is the
challenge for the design of the KM3NeT optical modules.

KM3NeT [3] is a research infrastructure hosting the ARCA and ORCA telescopes in the
Mediterranean Sea, dedicated to the identification of neutrino sources in the Universe and the study
of the neutrino mass hierarchy, respectively. The working principle of the telescopes is based on the
detection of Cherenkov light in the optically transparent deep-sea water induced by charged particles
generated in neutrino interactions. The light is recorded by a large number of PMTs arranged in
three-dimensional arrays. The basic detector element of the KM3NeT telescopes is the Digital
Optical Module (DOM) [4, 5]. It comprises a support structure housing 31 three-inch PMTs within
a 432 mm diameter glass sphere, as shown in figure 1, where the support structure is also visible.
Since the hundreds of thousands of PMTs of KM3NeT will be fed with negative voltage, a support
structure made of nylon has been developed to stabilise their performance. The support structure



Figure 1. An exploded view of a KM3NeT DOM. A PMT and its support structure are indicated.

is manufactured by 3D printing with the selective laser sintering method. The PMT locations are
tapered and a silicone O-ring tightly seals around the PMT just below its head. Even though the
nylon is an excellent insulator, the dark count rates measured for PMTs (Hamamatsu R12199-02)
installed in the support structure were not stable in time and well above the values measured by the
vendor. Therefore, a campaign of measurements to understand the origin of the observed anomalous
rates and find a remedy against it was initiated.

2 The measurement setup

The measurement setup for testing a PMT in its insulating holder inside a light-tight dark box [6]
is shown in figure 2. A board dubbed ‘MiniOctopus’ provides the command signals such as the
high voltage settings/thresholds and delivers the output signal to an Oscilloscope (Lecroy Wavepro
SDA 760Zi). Moreover, the MiniOctopus has the connectors needed to feed 3.3 V to the PMT high
voltage base and to the I>C bus. The NI USB-8451 I’C to USB device of National Instruments was
used to connect a PC hosting the LabVIEW based software.

The dark counts as a function of time are measured using the trigger hold-off feature of the
oscilloscope.
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Figure 2. Setup used to measure the PMT dark count rate.
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Figure 3. Left: schematic of the setup; right: dark count rate measured for a UUT supported by an
insulating holder.

3 Study of the anomalous dark count rates

To determine the origin of the dark count anomaly, a test experiment with two PMTs arranged as
shown in figure 3 was performed. Correlations between the anomalous count rates of both PMTs,
which could arise either from electrostatic fields or from photons produced somewhere around the
PMT, were investigated. The following nomenclature is adopted: UUT (Unit Under Test) is the
PMT to be studied; PROBE is the PMT that measures the possible light produced by the UUT. In
all configurations the PROBE is a PMT whose dark count rate has been measured to be within the
vendor’s specifications.

In the first configuration studied, the UUT was a PMT with bare glass tube supported by an
insulating frame (see figure 3). The measured dark count rate of the UUT is large and unstable in
time as shown in figure 3.
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Figure 4. Count rate measured by the PROBE when the UUT is OFF and switched ON.
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Figure 5. Left: schematic of the setup; right: count rate measured by the PROBE when the UUT is switched
ON and OFF.

After 24 hours darkening, the count rate of the PROBE was measured iunder two configurations,
the high voltage of the UUT ON and OFF (figure 4). The interesting result is that when the UUT is
switched ON the rate of the PROBE increases. As soon as the UUT is switched OFF the count rate
goes back to its initial value.

The correlation between the high voltage status of the UUT and the measured count rate of the
PROBE could arise either from electrostatic fields created once the UUT is switched ON or from
photons produced somewhere in the UUT, in particular from discharges in air due to gaps between
the glass surface of the UUT and the support. As a test, a thick black paper sheet was interposed
between the UUT and the PROBE and the measurement repeated. The results in figure 5 no longer
show the correlation between the status of UUT and the PROBE count rate. Therefore, it was
concluded that the origin of the count rate increase in the PROBE is due to photons produced in or
around the UUT.
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Figure 7. Left: setup to test the effect of the SFg on the dark count rates. Note the tube on the top of the
PMT used to flush the gas; right: dark count measurements before and after the SF¢ flushing on the PMT.

The next step was to understand more precisely where the photons are produced. A new
test with as UUT a PMT with the glass tube covered with a transparent insulating material was
performed in order to detect possible photons produced by the dynodes. The setup is shown in
figure 6. Over a period of 24 hours, the dark count rate of the UUT was measured at a stable value
of 200 Hz. The count rate of the PROBE shows no correlation with the high voltage status of the
UUT (figure 6). Therefore, it was concluded that the same process that causes the dark count rate
anomaly also produces the photons.

If the dark counts are caused by discharges in the air, the anomaly should be strongly reduced
by flushing SFg, which is an electronegative gas [7], around a bare PMT. The setup to verify that
and the measured dark count rate as a function of time are shown in figure 7. During the first 1000
seconds the PMT behaves normally after which the anomaly sets in and dark count rates up to 30
kHz were observed. As soon as the SFg flushing is switched ON the dark count rate immediately
reduced by about one order of magnitude. This confirms that the anomaly is due to discharges in air.
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4 PMT insulation by using transparent conformal coating: tests and results

Having understood the origin of the anomalous dark count rate, an insulating technique based on
a transparent conformal coating with high surface resistivity [8] has been applied. Immersing the
glass tube together with its high voltage base into the transparent conformal coating is a simple
and affordable insulating method. The regions of the PMT covered with the transparent conformal
coating are shown in figure 8. Note that the coating is not applied onto the photocathode area.

To determine the effectiveness of the resistive coating, the dark count rates of the same PMT
were measured in the following configurations: bare, covered with insulating tape and varnished
with the transparent conformal coating. The results (figure 9) show that with transparent conformal
coating not only the dark counts are stable, but also the asymptotic value is reached faster than in
the other configurations. The latter will shorten considerably the production time needed for the
installation of hundred thousands PMTs as required for the construction of the KM3NeT telescopes.

In order to check for any heat dissipation after the application of the transparent conformal
coating an infrared camera [9] was installed inside the dark box. A thermal analysis of the high
voltage bases with and without coating showed that the coating affects the power dissipation only
for a short time after power-up. Indeed, after 1 hour there were almost no differences between
the heat map for the bases with coating or those for bases without the coating. Therefore, it was
concluded that the application of the transparent conformal coating on the bases does not affect the
power dissipation.

The mechanical stability of the transparent conformal coating has been verified by thermal
cycling tests of the PMT in a climatic chamber [10]. The cycle from 0°C to 50 °C and back to
0°C lasted about 25 minutes and was repeated 36 times for a total duration of 15 hours. After the
thermal cycling the PMT coating showed no damage. This result proves that also under extreme
conditions the coating does not deteriorate.
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18

16
I 100%
14
12 - 80%
»n
@ 10
= 60%
= 3
c
L 6 40%
1
- 20%
2,
0 - 0%
2O D O 00 Qoo D oL O 08
O OO0 0000000000 Q OO0 00 OO
NN TN ON0OOODO A NMT LN ON WO O
L B T B e B O B B I B oV

Dark counts [Hz]
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fraction of PMTs below a given value.

The coating was applied to about one hundred PMTs. Dark count rates were measured and
found to be well within vendor’s specifications (figure 10).

5 Conclusion

In this paper the cause of anomalous and variable dark count rates in negatively fed PMTs for
KM3NeT was investigated. A procedure to easily and effectively insulate PMTs using a high-
resistivity varnish has been presented. It has been shown that by using a transparent conformal
coating, it is possible to stabilise the dark count rate without affecting the other PMT parameters.
Currently, in order to avoid anomalous behaviour in PMTs fed with negative voltage one must
either rely on solutions from manufacturing companies with external circuits that complicate the
use of instrumentation or cover the PMT envelope with insulating tape. The insulating method
presented in this paper has several advantages with respect to the presently adopted solutions:



* Better insulation. To ensure a good stability of the dark counts it is essential that the
insulating material is in close contact with the PMT. This is achieved best with transparent
conformal coating.

* Ease of implementation. Since the same varnish is used to insulate the high voltage base,
the PMT and base can be coated during the same operation. This allows for reduction of
integration time and cost reduction compared to the use of insulating tape.

» Uniformity of thickness of the insulating material. The application of the coating only
increases the PMT thickness by a few tenths of a millimetre and ensures an excellent uniformity
of thickness.
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