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Fig. 5.1. The principle of the Time-of-Propagation (TOP) counter utilizes total internal reflection of Cherenkov photons produced in a quartz bar. The 2D Cherenkov ring image
is represented by the time-of-propagation t

TOP
and the position x of detected photons at the quartz bar exit window [58].

Fig. 5.2. The final concept for the TOP counter now running in Belle-II. The TOP counter quartz plate is 45 cm wide, 2 cm thick, and 250 cm long. The picture shows the
expansion prism at the detector end and a spherical mirror at the far end of the bar plate, which adds focusing to the TOP counter y direction for photons propagating towards
the mirror.

Fig. 5.3. (a) Hamamatsu 16-pixel MCPs are coupled to a package with amplifiers and IRSX waveform digitizers. (b) A very compact design has been achieved coupling detectors
and electronics to the quartz plate. (c) Single photon timing resolution of �TTSÌ83 ps was obtained in bench tests with the IRSX electronics using a laser [61].

Fig. 5.4. Kaon efficiency and pion fake rate for the TOP only with the PID criterion RK_⇡ > 0.5 using the decay D<+ôD0[K*⇡+] ⇡+ in the bins of momentum of the tracks [63].
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Fig. 1. Horizontal cross-section of the Belle II detector.

Fig. 2. The principle of π/K identification for the ARICH counter. The solid-line and dotted-line cones
illustrate the emitted Cherenkov light for a pion and a kaon, respectively.

2.2. Aerogel radiators
The silica aerogel radiator tiles of the ARICH counter are required to have a long transmission length
and refractive indices in the range 1.04–1.05 for optimal counter performance in the required momen-
tum range. We successfully established a method for large-size (180 × 180 × 20 mm3) hydrophobic
aerogel production with high transparency [7,8].

The single-photon Cherenkov angle resolution and the number of detected Cherenkov photons
per track are important parameters for high-precision measurement of particle velocity (aver-
age Cherenkov angle) with the ARICH counter. For a normal proximity-focusing RICH counter
[Fig. 3(a)] the contribution of the radiator thickness to the resolution of the average Cherenkov
angle σd is proportional to d/

√
Npe, where d is the thickness of the radiator and Npe is the num-

ber of detected photons in the ring. If the absorption length is large compared to d, the number of
detected photons increases linearly with the thickness and σd is proportional to

√
d. The thinner

aerogel can improve σd due to the decreased uncertainty of the emission point of a Cherenkov pho-
ton, although the detected photons will be decreased. We verified that the optimal thickness of the
aerogel for the ARICH counter should be around 20 mm [9,10].
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Fig. 4. Picture of the exterior and the design of the 144-ch HAPD.

Table 1. HAPD specification.

# of pixels 12 × 12 = 144 ch
Package size 73 × 73 × 2.8 mm3

Pixel size 4.8 × 4.8 mm2

Effective area 65%
Capacitance 80 pF
Window material Synthetic quartz
Window thickness 3 mm
Photo-cathode material Bialkali
Quantum efficiency ∼28% (average, @400 nm)
Avalanche gain ∼40 (usually)
Bombardment gain ∼1700, @7 kV
S/N ∼15

The front-end board, which is attached to the backplane of a HAPD, has four readout ASIC chips
and an FPGA chip (Spartan6) for readout control and communication to the higher levels of the
readout system. The other components on the front-end board are a bias voltage connector for the
attached HAPD and temperature sensor chips [12]. The size of the front-end board is designed to fit
the HAPD.

3. Hybrid avalanche photo-detector
3.1. Specification
The HAPD is composed of a photo-cathode, a vacuum tube, and four avalanche photo-diode (APD)
chips, where each APD is pixelated into 6 × 6 pads, resulting in 144 channels. The schematics of the
HAPD are shown in Fig. 4. The basic specifications of the HAPD are summarized in Table 1.

3.2. Detection of single photon
In a HAPD module, the photoelectrons are amplified in two steps (Fig. 5). In the first step, the photo-
electrons are accelerated using a high electric field; after passing a potential difference of 7–8 kV in
vacuum it hits the APD, and produces about 1700 electron–hole pairs [Fig. 5(a)]. This gain is known
as bombardment gain. In the second step, avalanche amplification occurs in the APD. The generated
electron produces around 40 electron–hole pairs in the high-field region of the APD with an inverse
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existence of any cracks in the tile is visually scanned. At the same time,
milky area, which is usually caused by wrong synthesis process in sol-
gel polymerization, is also examined. Once these failure points were
found, the tile was rejected from the candidates and subsequent
measurements were not proceeded for the faulty sample. From this
measurements a crack-free propability of ∼87% was achieved, and the

Fig. 5. Transmission length distributions for n=1.045 (top) and n=1.055 (bottom) tiles
for λ = 400 nm.

Fig. 6. Transmission length at λ = 400 nm as a function of the refractive index for all
tiles.

Fig. 7. The distribution of refractive index difference n n nΔ = −up down for obtained

combinations.

Fig. 8. Wedge-shaped tile after a water jet cutting.

Fig. 9. The radiator container.

Fig. 10. Photograph of the aerogel boxes after the installation.
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Fundamental optical parameters, for instance refractive index, in
aerogels obtained after the SC drying are basically defined in the
synthesis step. On the other hand, the SC drying step mainly gives
serious effect on physical condition of the resultant aerogel. In
particular, crack in the aerogel tile volume is of our prime concern
since to make a crack-free tile is one of the most important issues. This
was carefully investigated before mass production, and the conditions
in the SC drying process was examined by Chiba university group [5]. It
was found that a duration of the pressure change after the SC condition
is attained gives a certain impact on crack generation for the tiles.
Therefore, we expanded this period by 3 times longer than before. By
introducing this, a crack-free probability was improved by about 30%.

It is noted that we had been working aerogel production many years
with Panasonic,1 but they decided that new aerogel tiles were no longer

produced using their facility in 2011. A company, the Japan Fine
Ceramics Center (JFCC),2 was newly contacted since this center had
some experience in producing various types of aerogel samples, and
there was joint effort between JFCC and Panasonic. A necessary
technology transfer to JFCC was done and we had carried out several
production tests during 2012–2013 to establish detailed procedures
and to maintain tile quality at JFCC [6].

3. Mass production and quality check

Mass production of the aerogel tiles started from September 2013,
and was completed in May 2014. During this period, 16 batches were
submitted to JFCC, where a production recipe was provided from our
group. One batch contains 28 tiles, which comes from volume
capability of the autoclave in the SC drying system. In this mass
production, 87% crack free rate was achieved. Fig. 3 shows a photo-
graph of our aerogel tile produced.

After new tiles were delivered to KEK, the following quality checks
have been performed. (1) visual inspection, (2) dimension and weight
measurements, (3) optical quality measurements. As a first step,

n1 n2

n1< n2

Fig. 1. Schematic view of the dual focusing radiator scheme.

Fig. 2. Cross section of the Belle II RICH radiator system.

Fig. 3. Aerogel tile from mass production with dimensions of180 × 180 × 20 mm3. Small
tile (100 × 100 × 20 mm3) produced for Belle aerogel Cherenkov counter is also shown for
comparison.

Fig. 4. Refractive index distributions for n=1.045 (top) and n=1.055 (bottom) tiles.

1 1048, Kadoma, Osaka 57l-8686, Japan
2 2–4-1 Mutsuno, Atsuta-ku, Nagoya, 456–8587 Japan

I. Adachi et al. Nuclear Instruments and Methods in Physics Research A 876 (2017) 129–132
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Dual-Aerogel radiator


• Focusing effect using 
n1=1.045 and  n2=1.055

• Mass production in 2014
• Ref: NIMA 876 (2017) 129

HAPD (Hybrid Avalanche Photo Detector)

• Rπ -RK = 5 mm for p = 4 GeV → pixel size is 5 mm
• Ref: PTEP 2016 (2016) 3, 033H01 [1603.02503]
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ARICH assembly – October 2017ARICH (in endcap) of  the Belle II experiment

Installed in Oct 2017

124 dual-layer 
aerogel tiles

420 HAPD modules 
with 60480 readout ch
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Focusing principle
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Figure 14: Efficiency and misidentification probability as a function of the momentum: π
efficiency and K misidentification probability (left), and K efficiency and π misidentification
probability (right).
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Figure 15: Efficiency and misidentification probability as a function of the polar angle: π
efficiency and K misidentification probability (left), and K efficiency and π misidentification
probability (right).

also performed the first evaluation of the identification performance of the ARICH counter,
based on pion and kaon tracks from the D∗+ → D0π+(D0 → K−π+) decays. The overall
K(π) efficiency and π(K) misidentification probability are 93.5 ± 0.6% (87.5 ± 0.9%) and
10.9±0.9% (5.6±0.3%), respectively. There is a discrepancy of about 3 % between data and
MC for both kaons and pions. The same level of agreement between the MC and measured
data is found for all momentum and polar angle regions. These studies demonstrate that the
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Efficiency of  π and K identification
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(a) (b)

Fig. 15. (a) Distribution of the likelihood difference between the pion (solid line) and kaon (dashed line) at
3.5 GeV/c. (b) Likelihood ratio distribution for pions and kaons at 3.5 GeV/c.

We define the likelihood ratio per event for pion R(π) using the following equation in order to
evaluate the PID performance:

R(π) = L(π)

L(π) + L(K )
,

where L(π) and L(K ) are the likelihoods for each particle. These quantities were calculated for
every event from Eq. (4). We also define the likelihood ratio per event for kaons R(K ) using the
following equation:

R(K ) = L(K )

L(π) + L(K )
= 1 − R(π).

Figure 15(a) shows the likelihood difference between the pion and kaon, which is calculated as
logL(π) − logL(K ). Figure 15(b) shows the likelihood ratio R(π) for the momentum assumption
of 3.5 GeV/c. The solid and dotted lines represent R(π) and R(K ), respectively.

We define the π identification efficiency for pion ε(π) and kaon ε(K ) as the fraction of the num-
ber of events above the value Rcut and the number of total events. It is equivalent to the following
equation:

ε(π) = #Events(R(π) > Rcut)

#Events(All)
,

ε(K ) = #Events(R(K ) > Rcut)

#Events(All)
.

When Rcut is set at 0.2, we obtained ε(π) and ε(K ) as 97.4% and 4.9%, respectively.

6. Conclusion

We have developed a proximity-focusing RICH counter with an aerogel radiator, i.e. an ARICH
counter, as a new particle identification device in the Belle II experiment. We use a HAPD as the
Cherenkov photon detector of the ARICH counter. The tolerance to neutron and γ -ray irradiation
is a very important issue for a photon detector. By improving the HAPD design, the HAPDs have
become sufficiently radiation tolerant for reliable 10-year Belle II operation.
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π and K likelihoods

PTEP 2016, 033H01 S. Iwata et al.

(a) (b) (c)

Fig. 13. Construction scheme of the PDF for the Cherenkov angle. (a) Fitting into event selection applied data.
The fitting function of four Gaussians and two eighth-order polynomials. (b) Parametrized distributions. The
dotted lines (magenta) represent the Cherenkov signal peak. The dashed line (green) represents the common
background. The solid line (red) represents the combined distribution. (c) PDF examples for pion and kaon at
3.5 GeV/c.
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Fig. 14. Cherenkov angular distribution of the beam test data with PDFs for pions and kaons at 3.5 GeV/c.

5.3. Estimation of PID efficiency
We estimate the PID performance of the ARICH counter for pion and kaon at 3.5 GeV/c using
single-track events taken with 5 GeV/c electrons. In order to select single-track events, we select
data containing the number of detected photoelectrons below a cutoff value Ncut as the filled area
in Fig. 11. We set Ncut at 15.828 corresponding to µ2 − 1.17σ2, where µ2 is the mean value
of the Poisson distribution for double-track events (2N + B = 21.217) using Eq. (2), and σ2

is
√

µ2.
Because the expected Cherenkov angle θC(π) (=0.2973 rad) and expected number of photo-

electrons Npe(π) (=10.629) for 3.5 GeV/c pions are close to the expected θC(e) (=0.2998 rad) and
expected Npe(e) (=10.756) for 5.0 GeV/c electrons, the selected data can be regarded as a data sam-
ple of 3.5 GeV/c pions. Figure 14 shows the selected data distribution and PDFs of the Cherenkov
angle for pion and kaon at 3.5 GeV/c.
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Cherenkov angle for π and K 



Multi-Anode MCP-PMT:  8 × 8 = 64 pads,  Spad = 5 × 5 mm2

SARICH=2.2 m2,  NPMT = 777,   filling=56%,   Nch= 777 × 64 ≈ 50k
Multi-Anode MCP-PMT:  12 × 12 = 144 pads,  Spad = 4 × 4 mm2,
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OUTLINE DRAWING 

SPECIFICATIONS 

Pulse height distribution using single photon illumination with 60 second 
integration. Mean gain calibrated to be 1.0×106. 

Available photocathodes on fused silica window. Optional fibre optic 
window will reduce sensitivity and no response below 300 nm.  

Single Photon Response Typical 
Dark Counts per Anode  < 2 cps 
Pulse Risetime (10% to 90%) <175 ps 
Pulse Width  <430 ps FWHM  
Transit Time Spread  <40 ps RMS 
Pulse Height Distribution 100% FWHM 
Linear Total Count Rate  Up to 10 MHz 
Maximum Ratings  
Overall Voltage < 3500 V 
Operating Temperature -50 to +50°C 
Storage Temperature -50 to +50°C Typical dropper chain example 

Anode  
Format  

Pitch  Total  
Anodes  X (mm) Y (mm) 

32 x 32 0.88 0.88 1024 
16 x 16 1.76 1.76 256 
32 x 8 0.88 0.88 256 
8 x 8 3.52 3.52 64 

Interposer boards with ribbon 
connectors are available in user 
defined configurations, including 
summing of adjacent anodes or 
reduced area coverage. Examples 
include: 

AUG16 

 

MAPMT253  Multi-Anode MCP-PMT  

APPLICATIONS 
 Ring Imaging Cherenkov (RICH)  
 Detection of Internally Reflected Cherenkov 

(DIRC) 
 Sampling Calorimeter Readout 
 Wavelength Shifting Fibre Readout  
 Scintillating/Cherenkov Fibre Readout  
 Beam Monitor 
 High Content Screening 
 Time Resolved Spectroscopy 
 LIDAR 
 Standoff Chemical/Biological Detection  
 Microplate Readout 

The AuraTek MAPMT253 is a next generation Multi-
Anode Micro-Channel Plate Photo-Multiplier Tube (MCP-
PMT).  It can be configured as a multi-channel single 
photon counter or analog photon pulse analyzer. The 
4096 individual anodes are arranged in a 64 x 64 pattern 
with 0.88 mm pitch, resulting in a 53 mm square active 
area. The overall tube is 59 mm square, enabling efficient 
tiling of multiple MAPMT253s to cover large areas.  
Connection of the high density anode output is made 
using Photek’s proprietary interconnect process based on 
an Anisotropic Conductive Film (ACF). Customers can 
request custom readout configurations of the full 4096 
anodes via high density connectors, or group the anodes 
to form unique readout geometries. The timing 
performance is state-of-the-art, with pulse rise-time of 
<175 ps and single photon transit time spread of < 40 ps 
rms per channel. Ask our experts to help you select the 
best readout electronics for your application. 

General Characteristics  

Window Fused Silica (Optional Fibre Optic) 
Active Area 53 x 53 mm  
Electron Multiplier Dual MCP 
Anode Format 64 x 64  (Reconfigurable)  
Anode Pitch 0.828 mm  
Photocathode Solar Blind, Bi-Alkali, S20, S25  

KEY ATTRIBUTES 
 True noiseless photon counting  
 430 ps FWHM pulse width  
 Transit time spread of < 40 ps rms 
 Extremely low dark counts  
 Highest anode density of any PMT with 

0.828mm pitch and 4096 anodes  
 Customer configurable anode readout and 

interconnect via proprietary ACF technology  
 Variety of high QE, low noise  photocathodes 

covering full UV to visible wavelengths  
 Immunity to magnetic fields  
 Assistance with selection of optimal readout 

electronics 

PRODUCT OVERVIEW 
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 Microplate Readout 

The AuraTek MAPMT253 is a next generation Multi-
Anode Micro-Channel Plate Photo-Multiplier Tube (MCP-
PMT).  It can be configured as a multi-channel single 
photon counter or analog photon pulse analyzer. The 
4096 individual anodes are arranged in a 64 x 64 pattern 
with 0.88 mm pitch, resulting in a 53 mm square active 
area. The overall tube is 59 mm square, enabling efficient 
tiling of multiple MAPMT253s to cover large areas.  
Connection of the high density anode output is made 
using Photek’s proprietary interconnect process based on 
an Anisotropic Conductive Film (ACF). Customers can 
request custom readout configurations of the full 4096 
anodes via high density connectors, or group the anodes 
to form unique readout geometries. The timing 
performance is state-of-the-art, with pulse rise-time of 
<175 ps and single photon transit time spread of < 40 ps 
rms per channel. Ask our experts to help you select the 
best readout electronics for your application. 

General Characteristics  

Window Fused Silica (Optional Fibre Optic) 
Active Area 53 x 53 mm  
Electron Multiplier Dual MCP 
Anode Format 64 x 64  (Reconfigurable)  
Anode Pitch 0.828 mm  
Photocathode Solar Blind, Bi-Alkali, S20, S25  

KEY ATTRIBUTES 
 True noiseless photon counting  
 430 ps FWHM pulse width  
 Transit time spread of < 40 ps rms 
 Extremely low dark counts  
 Highest anode density of any PMT with 

0.828mm pitch and 4096 anodes  
 Customer configurable anode readout and 

interconnect via proprietary ACF technology  
 Variety of high QE, low noise  photocathodes 

covering full UV to visible wavelengths  
 Immunity to magnetic fields  
 Assistance with selection of optimal readout 

electronics 

PRODUCT OVERVIEW 
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OUTLINE DRAWING 

SPECIFICATIONS 

Pulse height distribution using single photon illumination with 60 second 
integration. Mean gain calibrated to be 1.0×106. 

Available photocathodes on fused silica window. Optional fibre optic 
window will reduce sensitivity and no response below 300 nm.  

Single Photon Response Typical 
Dark Counts per Anode  < 2 cps 
Pulse Risetime (10% to 90%) <175 ps 
Pulse Width  <430 ps FWHM  
Transit Time Spread  <40 ps RMS 
Pulse Height Distribution 100% FWHM 
Linear Total Count Rate  Up to 10 MHz 
Maximum Ratings  
Overall Voltage < 3500 V 
Operating Temperature -50 to +50°C 
Storage Temperature -50 to +50°C Typical dropper chain example 

Anode  
Format  

Pitch  Total  
Anodes  X (mm) Y (mm) 

32 x 32 0.88 0.88 1024 
16 x 16 1.76 1.76 256 
32 x 8 0.88 0.88 256 
8 x 8 3.52 3.52 64 

Interposer boards with ribbon 
connectors are available in user 
defined configurations, including 
summing of adjacent anodes or 
reduced area coverage. Examples 
include: 
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Single anode signal

Average of 50 single photon pulses measured on 5 GHz, 20 GS/s scope, using 
a Photek LPG-405 pulsed laser. 

<430ps FWHM
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What signal can we have in SPD with the PMT as a photon detector?

The most suitable type of the photocathodes

for detection of the Cherenkov light is Bi-alkali

(Sb-K-Cs, Rb-Sb-Cs), with sensitivity extending 

from ~260 to 650 nm and maximum QE≈20% 

between 300 and 500 nm. 

Parameters used in calculation of the p.e. number:


• aerogel thickness		 20 mm, n=1.045 + 20 mm, n=1.055

• effective area of the MCP 	 	 60%

• sensitive area of the detector	 60%

• quantum efficiency	 	 20% at 300-500 nm

                                                                      10% at 270-300 and 500-550 nm

N = 2παl (1/λ1 – 1/λ2) sin2θ



The number of photoelectrons calculated 

without account of the light losses

π K p
1 GeV/c 44 --- ---

2 52 21 ---
3 54 41 1
4 54 46 26
5 54 49 36Transmission length at λ=400 nm (from BELLE-II):


	 47 mm at n= 1.0451

	 36 mm at n= 1.0547

Then, in our case (20mm n=1.045 + 20mm n=1.055)

transmission will be (roughly) ≈60%


and the number of photoelectrons,

i.e. points on the Cherenkov ring 

π K p

1 GeV/c 26 --- ---

2 31 13 ---
3 32 25 ---
4 32 28 16
5 32 29 22

14
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SPD setup (Mar 2023)
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SPD setup (Mar 2023)


