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The Belle IT experiment operating at SuperKEKB of the luminosity frontier accelerator will per-
form high precision flavor physics measurements. An efficient particle identification is essential
for Belle II to extend its reach toward new physics, and it is realized by the TOP counter. The
TOP counter is a novel ring imaging Cherenkov detector, which measures the time of propaga-
tion (TOP) of the internally reflected Cherenkov photons. The TOP counter mainly consists of a
quartz optics, micro-channel-plate photomultiplier tubes and front-end electronics. After the long
R&D of more than a decade, we succeeded in producing those components, assembling the 16
TOP counter modules and finally installing them in 2016. That is one of the biggest milestones of
the Belle II construction. This article reviews the TOP counter in terms of the production of each
component and the construction.
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1. Introduction

After the successful B-factory experiments [1], which confirmed Kobayashi-Maskawa theory
with about 1 ab~! data, the Belle II experiment [2] is going to search for new physics via precision
measurements with 50 ab~! data to be collected at the next generation B-factory, SuperKEKB [3].
In Belle IT K*/n* particle identification in the barrel region is done by 16 modules of the TOP
(Time-Of-Propagation) counter [4—7] illustrated in Fig. 1. The expected misidentification proba-
bility of pions, for example, is 3% when one selects 1-2 GeV/c kaons at 86% efficiency, while it
was about 10% in Belle [8].

The TOP counter is a state-of-the-art Cherenkov ring imaging detector, which mainly consists
of a 2.7 m long quartz optics, photon sensors at the end of the optics and front-end electronics
attached to the photon sensors as shown in Fig. 1. It identifies kaons and pions by means of
precise timing measurement of internally reflected Cherenkov photons in the quartz optics as well
as the time of flight of the particle. The time of propagation of those photons depends on the
Cherenkov angle or the mass of the particle of a given momentum by the inner tracker. One of
the key techniques for the TOP counter is to propagate the “ring” image without distortion by the
quartz optics. In addition the photon sensors and the electronics are required to have an excellent
time resolution better than 50 ps, which is essential to distinguish the time difference between
Cherenkov photons from a kaon and a pion. Detecting the photons with a high efficiency is also
essential because the typical number of detected photons per track is only about 20. Hence we
developed a square-shaped micro-channel-plate photomultiplier tube (MCP-PMT) [9-14] which
can be arrayed to have a large photocoverage.

It was quite challenging to incorporate those features. After the TOP counter concept was
proposed at Nagoya in 2000, it took a long time to prove the principle of the TOP counter using
a full-scale prototype at a beam test [15,16] in 2013 and to get the construction of all the 16 and
a spare TOP counter modules done in 2016. This article reviews the TOP counter in terms of the
production of the key components and the construction.

Figure 1: Schematic view of the Belle II detector indicating the barrel region covered by 16 modules of the
TOP counter (left) and one of the TOP counter modules (right).
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Figure 2: Measured internal reflectance and bulk transmit-
tance of the quartz bars.

2. Key components of the TOP counter

2.1 Quartz bar

The quartz optics consists of two 1250 x 450 x 20 mm bars, which form a 2500 mm long
bar, a prism at the end of the bar and a mirror at the other end. The material of all of the optics
is Corning 7980 synthetic fused silica, which has no inclusions and is free of striae. To keep
the Cherenkov image after typically a few hundreds of reflections in the quartz bar, the surfaces
of the quartz bar are highly polished. The requirements for the surfaces is stringent as listed in
Table 1. The preproduction and production of 34 quartz bars including two spares started in 2012
and 2014, respectively. Zygo Corporation produced thirty quartz bars and Okamoto Optics Works,
Inc. produced four including two spares. For quality assurance the internal reflectance and the
bulk transmittance of the produced bars were measured by using a laser. As shown in Fig. 2 all the
quartz bars met the requirements which were > 99.9% internal reflectance and > 98.5%/m bulk
transmittance.

2.2 MCP-PMT

The MCP-PMT (Fig. 3) was developed in collaboration with Hamamatsu Photonics K.K.
It contains two micro-channel-plates, of which channel diameter and thickness are 10 pum and
400 um, respectively. It has an enough gain to detect single photons even in 1.5 T of the Belle II
solenoid. Because the electrons are multiplied inside the very narrow channels of the thin plate,
the MCP-PMT has a transit time spread less than 40 ps for single photons. The outer size of the
MCP-PMT is 27.6 x 27.6 mm?, and the size of the photocathode is 23 x 23 mm?. Thus 73% of the
prism edge face can be covered by the photocathode of two rows of 16 MCP-PMTs. A multi-alkali
(NaKSbCs) photocathode is adopted to fulfill the required quantum efficiency which is at least 24%
and 28% on average of all MCP-PMTs at the peak wavelength around 360 nm.

The 512 MCP-PMTs to be installed in 16 TOP counter modules and more than 60 spares were
produced in five years from 2011. The measured peak quantum efficiency for the 512 MCP-PMTs
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Figure 3: MCP-PMT for the TOP counter. Figure 4: Measured quantum efficiency at a peak wave-
length around 360 nm for the installed 512 MCP-PMTs.

is plotted in Fig. 4. The achieved average quantum efficiency is 29.3%, which is greater than the
requirement.

Another big achievement in terms of the MCP-PMT R&D is extension of the lifetime. The
lifetime of the MCP-PMT is limited by deterioration of the photocathode or the degradation of
the quantum efficiency due to outgassing from the micro-channel-plates induced by the multiplied
electrons. The quantum efficiency degrades as a function of the integrated amount of the output
charge per photocathode area, which is dominated by the severe beam background in Belle II. It
is estimated by a Monte Carlo simulation to be several C/cm? after collecting 50 ab~! data at the
MCP-PMT gain of 5 x 10°. On the other hand the lifetime when the quantum efficiency drops down
to 80% of the beginning was 0.1 C/cm? or less for the early prototypes of the MCP-PMT [13]. It
was improved to 1.1 C/cm? on average of 12 samples of the first production version, 10.5 C/cm?
on average of 8 samples of the second version, and at least 13.6 C/cm? for 8 samples of the third
version [17].

2.3 Front-end electronics

A eight-channel, multi-giga sample per second, transient waveform recorder ASIC (Application-
Specific Integrated Circuit) [18] was developed for the TOP counter readout by the University of
Hawaii. Four ASICs are mounted on a carrier board with an FPGA (Field Programmable Gate Ar-
ray) which controls the ASICs and processes the data. Four carrier boards are stacked with another
board which is a master control, and they compose a board stack of dense and compact package to
fit in the limited space behind the MCP-PMT array.

3. Construction of the TOP counter

3.1 Assembly of the TOP counter

Assembly of the 16 production TOP counter modules started in March 2015 and finished in
April 2016 almost as planned. The assembly of each module starts with alignment and gluing of
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Figure 5: Alignment stages with the quartz optics (left) and a cross-sectional view of the stage (right).

the quartz optics in a clean room. A prism, two bars and another short bar with the mirror are put
on special alignment stages as shown in Fig. 5. Each stage can be slid on the pair of the rails, and
the tilt of the stage can be tuned with the micrometer heads. The procedures of the alignment and
gluing are the followings: (1) Insert shims between the quartz joints to adjust the gap for glue. (2)
Adjust surface positions of the quartz parts using a laser displacement sensor. (3) Adjust surface
angles of the quartz parts using an autocollimator. (4) Iterate 2 and 3 several times until the required
alignment is achieved. (5) Tape the quartz joints to make a dam and apply epoxy (EPOTEK 301-2)
into the dam. The achieved horizontal and vertical deflection angle of the quartz joints was within
440 and 20 arcsec, respectively.

After the glue fully cures, the quartz optics is moved into a quartz bar box (QBB). As it is
important to keep the quartz optics flat, the QBB needs high rigidity. On the other hand it is also
important to have low mass for the experiment. Therefore the QBB is composed of aluminum
honeycomb panels on the inner and outer faces for low mass and side rails made of monolithic
aluminum from end to end of the QBB for high rigidity as shown in Fig. 6 (left). To increase
the rigidity, the honeycomb panels are round shaped. The quartz optics is supported by PEEK
buttons. The button height is tuned precisely with ring shims or bond thickness according to the
optics alignment. The standard deviation of the height difference of the PEEK buttons on each
honeycomb panel was kept within 0.02 mm. For handling, the QBB is attached on a truss support
called strong back as shown in Fig. 6 (right). With the strong back, the module sag can be kept

Outer honeycomb panel Quartz bar

Inner honycomb panel
PEEK button Side rail

Figure 6: Cross-sectional view of the QBB (left) and the assembled TOP counter module with the strong
back (right).
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Figure 7: Schematic view of the readout part of the TOP counter (left) and a picture showing the installed
board stacks, where only two of four board stacks can be seen from the opening (right).

below 0.5 mm, which is necessary to securely support the quartz optics.

Lastly 32 MCP-PMTs and four readout board stacks are mounted on each TOP counter module
from the opening of the enclosure as shown in Fig. 7. Four MCP-PMTs are assembled in a PMT
module, and eight PMT modules are attached to the prism. In each PMT module the MCP-PMT
windows are glued on a wavelength filter which cuts wavelengths below 340 nm. The wavelength
filter suppresses deterioration of the time resolution due to chromatic dispersion of the Cherenkov
photons. To have a good optical contact between the wavelength filter and the prism as well as
to make the PMT module replaceable, a soft cast silicone cookie is inserted. Just by pushing the
silicone cookie with the PMT module, a bubble free contact can be made. It can be checked by the
CCD cameras which view the photocathodes through the prism. The PMT module is interfaced to
the board stack by spring-loaded electrical contacts (Pogo pins).

3.2 Installation of the TOP counter

The TOP counter modules were installed into the Belle II structure one-by-one. The first
module was installed on 10 February 2016. A dedicated jig shown in Fig. 8 was built for the
installation: The strong back was connected to the slider on the guide pipe; The module was slid
into the barrel; Then it was rotated and approached to the position onto the sidewall. Some special

XY- stage

Figure 8: Schematic view of the installation jig (left) and a picture showing the third module being installed
(right).
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Figure 9: Belle II detector fully equipped with the 16 TOP counter modules.

cares were given to the design of this installation jig to keep the maximum sag below 0.5 mm. The
sag was monitored during the installation and it was confirmed to be less than 0.5 mm.

The last sixteenth module was installed on 11 May 2016. Side-by-side modules were joined
by 2.65 m long aluminum z-beams for structural integrity. Finally we came to the memorial day of
20 May 2016 when the strong backs were removed and the installation was completed successfully
as shown in Fig. 9. The commissioning and calibration of the installed modules are ongoing toward
the phase 2 operation for the SuperKEKB commissioning with the Belle II detector from January
2018 and the physics data taking from December 2018.

4. Summary

The TOP counter is one of the key devices in the Belle II experiment. After the long R&D of
more than a decade and the production and construction for two to three years, we finally succeeded
in producing the 32 quartz bars and two spares as well as the other optics, producing the 512 MCP-
PMTs and more than 60 spares, extending the MCP-PMT lifetime, assembling the 16 TOP counter
modules and a spare, and installing them into the Belle II detector. That is one of the biggest
milestones of the Belle II detector construction.
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