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A number of small-size photomultipliers have been developed by collaboration of INR RAS and
MELZ-FEU for large-scale astroparticle physics experiments in particular for neutrino, gamma-
astronomy and cosmic ray physics experiments. The developed photomultipliers are of different
sizes and optimized for use in Cherenkov and scintillation detectors. The photomultipliers are of
different sizes and shapes. The largest photomultipliers have 3 inches photocathodes —
hemispherical and flat. We present also results of extensive studies of parameters of developed
photomultipliers.
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1. Introduction

Classical vacuum photomultipliers (PMTs) still continue to be work-horses of
experimental physics. Indeed it is rather difficult to find physics experiments where PMTs are
not used at all. The number of PMTs used in high energy and astroparticle physics experiments
already amount to many dozens of thousands. In large scale astroparticle experiments there are
presently two competing tendencies — to exploit large-size or middle/small-size PMTs. The
former is more conventional approach and the latter is relatively recent one. For more details of
such approaches see in [1]. The Hyper-Kamiokande project pursue more conventional approach
planning to use more than 50k large area (0.5m in diameter) PMTs [2]. The middle/small-size
PMTs approach has been pushed forward by Km3Net team [3]. They are going to use more than
150k PMTs of 3” size in their multi-PMTs optical modules. An intermediate approach was
accepted by the JUNO experiment where ~18 k half a meter size MCP-PMTs and ~25 k 3”
PMTs will be installed [4]. Simultaneous operation of large area and small PMTs will help to
reach record energy resolution in the experiment and will be a first manifestation of “double
calorimetry”. Taking into account certain plans to use large number (more than 100 k) 3” PMTs
in the PINGU project [5] at the South Pole one can see clearly tendencies of “revival” of interest
for medium/small size PMTs in astroparticle physics experiments, in neutrino physics
experiments in particular. Following such tendencies we started active development of a series
of such PMTs with sizes of 76 mm, 30 mm and 20 mm.

2.3” (76 mm) PMTs

A picture of 3” PMT is shown in Fig.1.

Fig.1. 3-inch PMT with mushroom shape glass envelope developed for large-sacle
neutrino experiments.
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The PMT has a glass envelope of a mushroom shape and it is equipped with a bialkali
photocathode with sensitivity in the range of 300-650 nm. Its sensitivity maximum is reached at

~380 nm where quantum efficiency is ~33%, see Fi.2.
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Fig.2. Dependence of photocathode quantum efficiency of 3” PMT on wavelength.

The photocathode sensitivity in the PMTs is characterized with good uniformity, see Fig.3,
measurements are done into cross-sections oriented along and perpendicular to the surface of the
first dynode of PMT. For the most part of the photocathode its non-uniformity is less
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substantially than 10%.
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Fig.3. Uniformity of PMT photocathode. Full circles — measurements done along the first
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dynode surface, blank circles — perpendicular to it.

Exploiting in the PMT of large area high efficiency first dynode provides good single
photoelectron response of the PMT, i.e. good single photoelectron resolution and small transit
time spread (jitter) of single photoelectron pulses. Good single photoelectron response results in
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high level of effective quantum efficiency or photon detection efficiency of PMTs and high
timing performance of PMTs.

In Fig.4 (left) typical charge spectrum of single photoelectron pulses of 3” PMT is shown.
Single photoelectron resolution is ~60-70% (FWHM). Charge spectrum of multi-photoelectron
pulses is presented in Fig.4 (Right), contribution of four photoelectrons is clearly seen.
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Fig. 4. Left — Typical charge distribution of single photoelectron pulses of 3” PMTs; Right
— typical charge distribution of multi-photoelectron pulses of 3” PMTs.

Typical peak-to-valley ration of single photoelectron charge spectrum is more than 4.
Typical dark current counting rate above threshold of 0.25Q; is less than 1 kHz at room
temperature, Qe — mean charge of single photoelectron pulses. Spectra shown in Fig.4 (Left)
and 4 (Right) were measured with point-like illumination of the PMT photocathode at its pole.

The PMT’s transit time spread was measured using fast LED driver with light pulses width
~1 ns (FWHM) and Amax ~ 405 nm. The distribution of photoelectrons transit time under single
photon illumination of the PMT’s photocathode (jitter) is shown in Fig.5. There was a point-like
illumination at the pole of the PMT photocathode.
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Fig.5. Photoelectron transit time distribution (jitter) for single photon illumination of the
3” PMT photocathode.
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The mean value of the photomultipliers TTS (jitter) is 3.7 ns (FWHM). The probabilities
of prepulses and late pulses are less than 1 % and 4% respectively.

The PMTs gain of 10’ is reached at operational voltage less than 1500V. Aftepulses
probability at Gain of 107 is less than 5-7% per one photoelectron by charge.

3” PMT with flat photocathode is under development too. The PMT is being developed for
astroparticle physics experiments, including neutrino physics, cosmic ray physics and ground-
based gamma astronomy. One possible application of the PMT is scintillator muon detectors.
For such application high linearity of response is needed.

A picture of pilot samples of 3” PMTs demonstrated in Fig. 6.

Fig. 6. Pilot samples of 3” PMTs under development.

3.20 mm and 30 mm PMTs

Other issues of the development are 30 mm and 20 mm size PMTs. They are being
developed for a number of astroparticle physics experiments - in neutrino physics, cosmic ray
physics and ground based gamma astronomy among them.

They have also bialkali photocathodes with maximum sensitivity at Amax ~ 380-400 nm.
Quantum efficiency at sensitivity maximum equals to 27-28%.

Charge distributions of single and multi-photoelectron pulses measured for 20 mm PMT
are shown in Fig. 7 (Left) and Fig. 7 (Right) correspondingly. Single electron resolution is
~70% (FWHM). Peak-to-valley ratio of single photoelectron charge distribution is 3.5-4 and
even more. In the multi-photoelectron spectrum even four photoelectrons peak is also clearly
seen.
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Fig. 7. Left — Charge distribution of single photoelectron pulses of 20 mm size PMT;
Right — Charge distribution of multi-photoelectron pulses of 20 mm size PMT.

Single photoelectrons transit time distribution has width of 1.8 ns (FWHM), Fig. 8.
Probability of prepulses is less than 1%. Due to small size of PMTs prepulses peak (around
channel #1650) practically merges with the main peak (around channel #1700). Late pulses
probability is less than 4%. It is interesting that there is second late pulses peak near channel
#1900. Its origin will be clarified in further studies.
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Fig. 8. Photoelectron transit time distribution (jitter) for single photon illumination of the
20 mm PMT photocathode.

10-stages linear focused dynode system provides the gain of (2-3)x10° which is reached at
operational voltage less than 1200 V. The dark current counting rate is less than 1 kHz at the
gain of (2-3)x10° and at threshold of 0.25Q;,. and room temperature, here once again Qye is the
mean charge of single photoelectron pulses at such gain.
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The afterpulses probability is less than 1-2% per one photoelectron. Time delay of
afterpulses extends up to several microseconds.

Fig. 9. Pilot samples of 20 mm and 30 mm PMTs under development.

3. Conclusion.

We are developing medium and small sizes photomultipliers for astroparticle physics
experiments — neutrino physics, cosmic ray physics and ground-based gamma-astronomy among
them. Studies of performances of the first pilot samples show good results and leave us
optimistic for final results.
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