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Microchannel plate photomultiplier tubes working in photon-counting mode to detect extremely
low number of photons see adoption at the future large liquid-based neutrino detectors. By coating
materials of high secondary electron yield by the atomic layer deposition at the end face of the
microchannel plates, collection efficiencies of photo-electrons are pushed to 100 %. That, howeyver,
introduces a single electron charge spectra departing from the Gaussian distribution. Based on
laboratory measurements, we present the mechanism of electron amplification at the end face
and formulate a probabilistic model of the single electron charge spectra. Our simplified model

with Gamma-Tweedie mixture is straightforwardly deployed in future neutrino experiments under
commissioning.
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In the neutrino experiments with scintillation readouts, photons are the information carriers [1].
The number of photo-electrons (PE) available in data dictates the energy resolution, calling for
photomultipliers (PMT) with high photon detection efficiency (PDE).

At the Jinping Neutrino Experiment [2], we partnered with Northern Night Vision Technology
Co., Ltd. (NNVT) to develop & 20 cm microchannel plate (MCP) photomultiplier (Figure 1a) with
good timing resolution of orr < 1.5 ns and high detection efficiency of ~30 %.

(a) & 20 cm microchannel plate photomultiplier. (b) Multiplication of a PE at MCPs.

Figure 1: MCP-PMT (a) and its schematics (b) developed for JNE by NNVT.

1. Design of MCP Surface

Electrons entering the micro-channels get multiplied. Careful treatments are needed for the
finite open area of the MCP surface. An absorbent surface deteriorates the PE collection effi-
ciency (Figure 2b). A reflective one makes a PE bounce around that harms timing accuracy (Fig-
ure 2c). An optimum balance is achieved with a multiplicative surface [3] where PE undergoes
inelastic scattering to produce a set of low-energy secondary electrons (Figure 2d).
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Figure 2: Variants of MCP surface (a) designs. The multiplicative one in (d) combines the advantages
of absorptive (b) and reflective (c) coating and achieves desired balance between collection efficiency and
timing.
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2. PMT Characterization

The MCP-PMTs are characterized in the laboratory, with a picosecond laser illuminating one
reference and three candidate PMTs via an optical-fiber splitter. The PMTs are circulated to cou-
ple with different splitter channels in turn to cancel out the systematic uncertainties from the non-
uniformity of beam splitting. Laser intensity, splitter ratios and PMT PDEs are multiplied to con-
tribute to the rates of signals. Taking a complementary log-log link function, the PDEs are extracted
from a binomial generalized linear model to give more than 1.7 boost of PDE [4].

The excellent PDE of this model of 8-inch MCP-PMT is ensured by nearly 100 % collection effi-
ciency thanks to the design in section 1. At the same time, the characterization unveiled the existence
of jumbo charges in the charge distribution of single electron response function, deviating signifi-
cantly from a normal distribution, as shown in Figure 3a [4]. Many PMT waveform reconstruction
models in neutrino experiments use waveform integrated charge divided by expected charge Q to
estimate the PE counts [5]. That implicitly assumes normal distributions. From Figure 3a, it is ob-
vious that applying the existing algorithms to such high-collection-efficiency MCP-PMT will result
in degradation of energy resolution with a large excess noise factor.

As boosting of PDE improves energy resolution, we derive the expected charge in energy reso-
lution from the measured parameters and find that the overall energy resolution is improved by 10 %o
relative to the reference tube [4]. That justifies the high-collection-efficiency PMT manufacturing
process.
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Figure 3: (a) A charge distribution of single electron response from a typical high-collection-efficiency
MCP-PMT. The shape deviates significantly from a normal distribution. (b) Physics processes that a PE go
through at the MCP end face.

3. Understanding the 8-inch High-Collection-Efficiency MCP-PMT

Although we have established an energy boost with the new MCP-PMT, it remains our task
to at least partially alleviate the negative energy-resolution consequence of the jumbo charges. A
PE could directly enter the MCP channel to get normally amplified and contribute to the peak in
Figure 3a. Or it could switch to ‘‘surface mode’’ in Figure 3b when it first hits the MCP end face.
According to the theory of secondary emission and the design in Figure 2d, the PEs are predomi-
nantly multiplied and a fraction gets reflected either elastically as ‘‘backscattered’” or inelastically
as “‘rediffused’’. For those that are amplified, the secondary electrons have lower energy of about
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20eV. When they enter the channels, the gain is substantially lower than the ‘‘channel mode”’
PEs [6].

To characterize the ‘‘channel mode’’ gain dependence on incident electron energy, we con-
ducted experiments with the voltages between the photocathode and the MCP end face varying
from 10V to 650V while keeping the voltage across MCP faces constant. With the gain-energy
relation as input, we reproduced the shape of jumbo charges in Figure 3a with the summation of
several low-energy low-gain secondary electrons. The parameters of the resulting model are veri-
fied to be consistent with the manufacturing processes [6]. The resulting charge spectra of single
electron response are conveniently parameterized as a Gamma-Tweedie mixture.

4. Summary and Outlook

We observed jumbo charges in the single electron response of the 8-inch high-collection-
efficiency MCP-PMT and constructed an experimentally verifiable model to explain it. Our study
sets the stage for counting photons more precisely at neutrino detectors, such as with fast stochastic
matching pursuit under development [7].
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