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「光センサー・シンチレーター周辺」

ものすごく広い。



測定器開発プラットフォーム・A班
• 光センサーとシンチレータ
• 世話人：越水（東北大工学研究科 ），横山

• KEK内部のサポート：西田（KEK）

• 現在 約40名の参加，物性分野・企業からも

• 第１回研究会を2019年末に開催

• 第２回がコロナ禍で幻になり足踏み
• 対面での研究会再開を熱望

• 参加，サポート，活動の提案を歓迎します 

世話人まで連絡を
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高エネルギーニュースに記事を書いたのでご覧ください
KEK富士実験室B3共用スペース

第１回研究会の参加者



MPPC (Multi-Pixel Photon Counter)® 
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•ガイガーモードで動作するAPDを多数
並列につないで，光子を検出したピク
セルの数に比例した電荷を出力させる

• MPPC：浜松ホトニクスの製品名 

一般的にはSiPM, PPD


• Siじゃなくても可能 (ex. InGaAs MPPC) 


•コンパクト，低電圧で動作， 

高光検出効率(PDE)，磁場の影響なし



Solid State Div.HAMAMATSU

Photon is our Business

Al optical separation and Trench 
etching

Al optical separation

Trench etching
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S10362-11-050C S12825-050C

Low afterpulse
and dark noise

1 p.e.

2 p.e.

3 p.e. 20 ns

50 mV

Waveforms 
of MPPC
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Crosstalk suppression

Oscilloscope images
Showing dark noise
Amplified by 100
Over voltage=2.0 V

Low crosstalk
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Oscilloscope images
Showing dark noise
Amplified by 100
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Low crosstalk
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Crosstalk suppression

Oscilloscope images
Showing dark noise
Amplified by 100
Over voltage=2.0 V

Low crosstalk

T2K前置検出器で使用
６万個以上

2014年ごろ～2013年ごろ2007年

S10362-11-050C S12825-050C

Micrographs 
of MPPC

Crosstalk suppression

Trench to prevent crosstalk

50x50 μm2 pixel
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Crosstalk suppression

Trench to prevent crosstalk

50x50 μm2 pixel
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Dark noise reduction

ウェハー品質，プロセス技術の改善
ダークノイズ，アフターパルス削減

トレンチ構造の実装
ピクセル間の光学的
クロストーク削減



現行品
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ピクセルピッチ ↔︎ PDE，ダイナミックレンジ
10µm,15µm / 25µm, 50µm, 75µm

TSV (Through-Silicon Via, 貫通電極)で
不感領域を最小化したタイプも 浜松ホトニクスカタログより
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36 CHAPTER 4. DEVELOPMENT OF MPPC CHARACTERIZATION SYSTEM

(a) An array of MPPCs (S13660(ES1)) (b) !e circular photosensitive area of the
array of MPPCs

Figure 4.1: An array of MPPCs.

MPPC

Light source

EASIROC PC

Temperature controlled chamber

photon

Figure 4.2: !e basic concept of characterization system.

array (S13660(ES1)) that has independent cathode channel by channel. A type number of single
channel MPPC is S13081-050CS(X1), which is the conventional ceramic packaged type and
crosstalk suppression type as mentioned in section 3.2.

4.2 Design of the characterization system
Figure 4.2 shows the basic concept of characterization system. MPPCs and a light source are
placed in a temperature controlled chamber. Photons are emi"ed from the light source and
detected by the MPPCs. !e signals from the MPPCs are read out by using NIM EASIROC
module controlled via a PC.

4.2.1 NIM EASIROC module

NIM EASIROC module is general purpose MPPC readout module [24] as shown in Fig 4.3.
A front-end ASIC named Extended Analogue SiPM Read Out Chip (EASIROC) developed by
Omega/IN2P3 in France is used in this module. An EASIROC chip has 32 MPPC inputs and all
essential functions to operate many MPPCs such as ampli#er, discriminator, and bias voltage
adjustment. Figure 4.4 shows a schematic of one channel in EASIROC chip. !e bias voltage
applied to each MPPC channels is individually adjustable up to 4.5 V by using 8-bit input DAC.
An EASIROC chip has two ampli#ers with high and low gain with a factor 10 of gain di$erence.
!e ampli#ed signals are shaped by the slow and fast shapers. !e pulse height of the slow
shaper output is stored to the analogue bu$er by using a sample and hold circuit. !e external

VUV-sensitive MPPC PDE decrease

独Photon detection efficiency (PDE)  

独Visible sensitivity was almost unchanged 

独Degradation of VUV sensitivity 
̴ȾTotal decrease in 2019 : 9% 
ҁin 1 week under MEG Ⅱ beam intensity  ҂ 

独Design MEG Ⅱ DAQ time : 360days (3 years) 
̴ȾThis degradation is a serious problem

7 × 107 μ/sec

VUV

Visible

ੜ຋䦹, ෭๜ᇔቘ਍տ 2020ଙชਊय़տ 16pG22-11 7
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Suppression of SiPM Optical Crosstalk

KEK Photosensor/Scintillator Workshop, DEC 23–24, 2019, Tokyo

OCT in Adjacent Pixels vs Thickness
❖Performed measurements of self-OCT and OCTs in adjacent 

pixels as a function of the coating thickness
❖Self-OCT peaks around 100 µm of coating thickness (~2× 

cell size)
❖Sum of self-OCT and OCTs in adjacent pixels is independent 

of the coating thickness (> ~ cell size)
❖The coating thickness < cell size is required to reduce all 

OCTs
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+×

others

実験とシミュレーションの比較

≫二次光子の伝播によって実験結果をよく説明できる
≫ 放出される二次光子数は未知のため、実験結果に合うようにスケールしている
≫ 保護コーティング無しの時に発生する同一画素でのオプティカルクロストークはシリコン内部を伝播したものと
考え、オフセットとして同一画素のオプティカルクロストークレートに加えている

≫オプティカルクロストークを抑制するためには保護コーティングを薄くする（< セルサイズ）のが最善
である

!10
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PD18, JPS Conf. Proc. 27, 011003 (2019)

Fig. 1. The OCT rates of five different SiPM products as functions of over voltage (defined to be the supplied
bias voltage minus the breakdown voltage). The thicker the protection window, the lower OCT rate; but, those
with no protection coating exhibit the lowest OCT rate. The figure is taken from [5] (reproduced under CC BY
4.0, see reference for details).

0–500 µm

Protection Window
(Epoxy or Silicone Resin)

Air

SiO2 (upper)
& Si3N4 (lower)
Layers (< a few µm)

Silicon Substrate

Incident Photon

NB: Not to Scale

TrenchSecondary
Photons

G-APD Cell &
Avalanche Zone

Channel Gap (200 µm) Cell Size (50 µm)
Ⓐ

Ⓑ

Ⓒ Ⓓ Ⓔ

Fig. 2. A schematic diagram of possible OCT photon paths inside a multichannel SiPM. After the avalanche
process is triggered by the first incident photon (solid-line arrow), secondary photons may propagate and be
detected by surrounding cells via several paths. Path A is due to Fresnel reflection at the boundary between the
silicon substrate and the air. Path B is a direct path to an adjacent G-APD cell but mostly blocked by a trench.
Path C is by Fresnel reflection at the boundary between the protection window and the air. Path D is similar
to Path C, but the photon is reflected back to the first G-APD cell, which is already saturated. Path E is also
similar to Path C, but it may be detected by neighboring channels in the case of multichannel SiPMs.

ton may generate a large output pulse equivalent to multiple photons, which cannot be distinguished
from temporally correlated Cherenkov photons. Thus the level-1 trigger threshold needs to be set
higher than preferred, resulting in a higher energy threshold and lower detection sensitivity to celes-
tial gamma-ray sources.

The use of SiPMs as the focal-plane camera pixels of Cherenkov telescopes was first realized by
the FACT telescope [2]. As of 2019, several SiPM camera prototypes are also being developed for
the Cherenkov Telescope Array (CTA) [3] with the aim to build compact and less expensive cameras
with thousands of pixels that can have a high tolerance to bright moon nights.

In our previous study, in which an extensive characterization of various SiPM products was con-
ducted for the CTA, we found that the OCT rate of single-channel SiPMs had a coating-thickness
dependence, as shown in Fig. 1 [5]. This dependence may be explained by photon propagation in
the protection window, as discussed in the paper. However, a firm conclusion could not be derived
because the OCT rate comparison was made for different products and resin materials, and because
escaping photons (illustrated as path E in Fig. 2) could not be confirmed with single-channel SiPMs.

2■■■

011003-2JPS Conf. Proc. , 011003 (2019)27

Proceedings of the 5th International Workshop on New Photon-Detectors (PD18)
Downloaded from journals.jps.jp by 東京大学 on 08/25/21

MEG II 液体Xeカロリメータ

CTA SST（optical crosstalk 削減）

JPS 2021春，12pT2-08

表面保護の樹脂の厚みとの関係
樹脂がない場合が最も小さい

LHCb SciFi tracker

そういえばファイバー読み出し向けに
丸型ピクセルも作ったけど，
流行りませんでしたね

JINST 15 C08006 

S13552

放射線でダークレート増加
-40℃に冷却+クラスタリング
~1012neq/cm2でも動作可能

KOTO, Belle II, T2K upgrade, ILD, low BG (DM, 0νββ)…

縦長 64×2

4096個使用

NSS-MIC 2017

WAGASCIで使用



今後？
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} TCAD׷״חة٦ُٖىءꟚ涪
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TCAD Simulator
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2020 JINST 15 C02049
sensor capacitance and the applied bias voltage. Therefore, the output signal amplitude of the SiPM
indicates the number of incoming photons.

The basic structure of SiPM is a PN junction with a resistor (quenching), so the semiconductor
process can be used for the fabrication as well as the integration. Two prominent integration
methods are the 2D integration by the standard CMOS process and the 3D integration by the bump
bonding and the Through-Silicon Via (TSV) process. In CMOS technologies, the proper wiring
between sensors and front-end electronics is possible since they are connected in the same process,
but an area of the front-end electronics severely limits the fill factor of sensors. On the other hand,
the integration via the TSV process resolves the problem of the fill factor by mounting sensors on
top of readout electronics. However, the additional technical developments such as the Chemical
Mechanical Polishing (CMP) or the alignment verification technology are required to enable the
connections of sensors with sub-mm pitch channels.

1.2 Integration by SOI

The SOI process is a technology that constructs transistors in a thin silicon layer of approximately
10 nm thickness, called an SOI layer, that is formed on an oxide film layer. It was initially
invented for electronics aiming for the higher operation speed with the lower power consumption
by confining channels between the source and the drain and minimizing the junction capacitance.
By substituting a low resistive substrate for a supporting substrate, the backside illumination is
available to maximize the fill factor of sensors, and the integration without the mechanical bonding
allows the further refinement of the channel pitch size [4]. Also, the response of electronics is
10-20% faster, and power consumption is 30% less than the bulk CMOS circuits [5].

Figure 1. A cross-sectional view of SOI-SiPM. Front-end electronics are constructed on the SOI layer, and
SPADs (microcells of SiPM) are designed on the bulk layer.

Since the bulk substrate of the SOI wafers has not been used in electronics, the several research
approaches have been made to construct sensors on the bulk substrates or directly use the bulk
substrate as sensors [6]. Our group chose the SiPM as the sensor. Although Charbon et al.
and Vignetti et al. [7, 8] reported similar approaches called the SOI-SPAD and the 3D-SPAD,
respectively, our group was the first to report on the SOI-SiPM. Figure 1 shows the cross-sectional

– 2 –

JINST 15 C02049 (2020)

茂木, 第１回測定器開発プラットフォームA研究会

• HPKの開発は１段落したフェーズ

•みなさん，満足ですか？
•ユーザーからの厳しい要求・ 

共同開発の提案を待っている模様

•あるいは独自開発も
•世の中にはもちろん浜松以外にも

SOI-SiPM
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nov-18 Fabio ACERBI  - SiPM overview   @ PhotoDet2018 (Tokyo) 6

SiPM producers

Broadcom

SensL/ 
ON semi

Source: W. Ootani, Special workshop on photon detection with MPGDs, (Modified)

FBK

https://indico.ipmu.jp/event/166/timetable/PD18 workshop (Nov.2018)



大口径PMT

•スーパーカミオカンデ用PMTに比べて 

光検出効率２倍，電荷分解能２倍， 

時間分解能２倍，耐圧向上

•低ノイズ，低RI

10

浜松ホトニクス R12860

50 cm Box&Line PMT

'20/9/18 Overview of ID Photosensors (Nishimura) 42
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Double total detection efficiency PMT Face
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BOX

2021年3月から 

~300本／月 納入中
2026年まで継続

3Hyper-Kamiokande photo-detectors

➢ Baseline configuration: 40k 20” PMTs for Inner Detector
see presentation by B. Quilain for alternative option using mPMT
and presentation by S. Zsoldos for Outer Detector 

➢ Primary candidate: Hamamatsu R12860
Also considering MCP-based PMTs from NNVT

Super-K PMT
Hamamatsu R3600

Hamamatsu R12860

Venetian blind dynode

Box and line dynode
+ high QE

https://www.hamamatsu.com/jp/ja/product/type/R12860/index.html



20inch MCP-PMT in China

11

Outline

➢ I.  The Motivation of the New MCP-PMTs;
      

➢ II.  The R&D of 20 inch MCP-PMTs for JUNO;

➢ III.  The Mass production of the 20 inch MCP-PMT; 

➢ IV. The  new design of the MCP-PMTs;

6

9➢ 2.2   The 20 inch Glass bulb 

--> 20 inch Glass bulb was manual blowing by the skilled workers in China;
--> For better water compatible, using the hardness glass，transition Section( the 
thermal expansivity from 33 to 50) , welding with Kovar;  
--> By controlling material, producing process and environment, the radioactive 
background of the glass was really low;

the radioactive test during the glass producing process 

S.Qian, ICHEP2020

The Diameter of the MCP:  33mm;  50mm;
The Diameter of the Hole:  6um;  8um; 10um; 12um;
The Inclined Angle: 0°； 8°； 12°；
The Open Area Ratio: 60%；77%；

The Special Film by ALD for the same SEE material ……

change

CE = 70%

CE = 100%

The p.e. into the channel 
directly ~70%

The p.e. into the channel 
directly ~70%
The p.e. from the electrod 
indirectly ~ 30%

10➢ 2.3   The MCPs module

—During the mass production process, the IHEP&NNVT still do some research work 
to improve the QE of the photocathode of the MCP-PMTs; 
—In 2017, Some HQE prototypes were produced with the QE larger than 30%.
—In 2018, Some HQE prototypes were produced with the QE achiave to 35%.
—The  HQE photocathode is also the Bi-alkali PC, which peak wavelength is 
changing from 390nm to 380nm, just the Super-Bi-alkali (SBA);

in 2018 ： 30% ----> 35%in 2017 ： 25% ----> 30%

11➢ 2.4   The Photocathode

QE of the Photocathode@400nm

Uniformity of the Quantum Efficiency

Relative Detection Efficiency@400nm 

> 27%

< 10%

> 27%

——The Quantum Efficiency  reflect the 

Photocathode Performance of PMT.

——For the large erea photocathode, the 
Uniformity of the QE is very important.

The Quantum Efficiency Map

——During the production process, the 
company is still improving  the technology 
of photocathode from 30%->35%.
—— The Collection Efficiency of the MCP 
is about 100%, so the Detection Efficiency 
is directly related to the QE. 

Normal focusing electrode Flower-like focusing electrode 

Character istics

Normal 

focusing electrode

Flower-like 

focusing electrode 

 QuantumEfficiency

（400nm）
~30% ~30%

Relativity 

Detection Efficiency

~ 100% 85%

P/V of  SPE ~ 7 ~ 5

TTS on the top point ~20ns 4.3 ns

Anode Dark Count ~40KHz ~20KHz

——By changing the constructer of the focusing 
electrode, using the flower-like one, the TTS of 
the PMTs is  improving from 20ns to 5ns, but the 
CE of the prototype is decreasing to 85%, 
——By decrease the area of the photocathode 
for better TTS, the dark rate of the PMT also 
much better than the normal one, from 40KHz to 
20KHz.

➢ 4.1   The New Prototype for  better  TTS 21

Normal focusing electrode Flower-like focusing electrode 

Character istics

Normal 

focusing electrode
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focusing electrode 

 QuantumEfficiency

（400nm）
~30% ~30%

Relativity 

Detection Efficiency

~ 100% 85%

P/V of  SPE ~ 7 ~ 5

TTS on the top point ~20ns 4.3 ns

Anode Dark Count ~40KHz ~20KHz

——By changing the constructer of the focusing 
electrode, using the flower-like one, the TTS of 
the PMTs is  improving from 20ns to 5ns, but the 
CE of the prototype is decreasing to 85%, 
——By decrease the area of the photocathode 
for better TTS, the dark rate of the PMT also 
much better than the normal one, from 40KHz to 
20KHz.

➢ 4.1   The New Prototype for  better  TTS 21
時間分解能改良版をLHAASO（エアシャワー）で使用

HKでも試験（西村，Bronnerら）

15,000本をJUNO向けに生産完了 

(+5,000 Hamamatsu R12860)



LAPPD (Large Area Picosecond Photo-Detector)
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Incom Inc. LAPPD Performance, NNN18, Oct 31 – Nov 3, 2018, Vancouver, Canada 

LAPPD Price Projections 
• Current costs are driven by overhead rates, non-reimbursed R&D Costs, and low 

volume 

• Costs drop rapidly, as demand and volume increases.   

• Incom projects price to drop from current levels as follows:  

Timing Cmrcl Price DOE Price Cum Vol. Annual 
Capacity 

Current   $  75,000   $  50,000  48 48 
1  $  56,250   $  37,688  58 82 
2  $  45,000   $  30,150  144 120 
3  $  36,900   $  24,723  268 204 
4  $  31,365   $  21,015  502 264 
5  $  30,032   $  20,121  1,000 278 

With full scale production, and cumulative volumes of product produced 
approaching 10,000 units, a price of $10,000 or less, for a full size LAPPD, is 

entirely plausible.    

23 

Incom Inc. LAPPD Performance, NNN18, Oct 31 – Nov 3, 2018, Vancouver, Canada 

LAPPD features 

Active area 92% 

Incom 
MCPs 

• Glass/ceramic body 
• Large Active Area: 195 x 195 mm2 

• Picosecond timing resolution 
• mm spatial resolution 
• QE >20% w/bi-alkali photocathode 
• Fused Silica/Borosilicate window 
• Flat square geometry, high filling factor 
• Lower Cost per Unit Area 

21mm 

4 

50Ω impedance 

https://meetings.triumf.ca/event/27/contributions/1708/NNN18,

Incom Inc. LAPPD Performance, NNN18, Oct 31 – Nov 3, 2018, Vancouver, Canada 

Time Resolution  
Testing at Iowa State University, Matt Wetstein, ANNIE Program 

for more details see talk by Dr. Vincent Fischer on Saturday  

Transit Time 
Spread  
 
64 psec  
 
electronics limited 
(with 40pS FWHM 
laser pulses) 

Typical Single PE 
Pulses 

 
FWHM: 1.1 nsec     

Rise time: 850 psec 

Peak Gain >> 106 
@ low voltages 

10 



新しいものを作る： gasPM
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手作りの新型光検出器試作機

Picosecond 
pulse laser
(l = 405 nm)

Single photon
detection

Intense laser

Very low QE

16

• 空気中でも劣化しない
LaB6透過型光電面を開発
• 仕事関数～2.6 eV
• 極低QE

• 自分で設計
• 市販の安い材料のみ
• 机の上で組み立て

/4

GasPM(Gaseous PhotoMultiplier)

GasPMの特徴
• ⾼時間分解能(! ≃ 7.6 ps)、
⾼収集効率( ≃ 92% )が期待される。
（第75回年次⼤会 17aG22-1 松岡）

• 単純な構造→安価
• ⼀様なガス増倍→⼤型化しても
時間分解能が下がらない

GasPMを実現すると、これまでの光検出器では不可能だった
⼤⾯積かつ⾼時間分解能での光⼦検出を必要とする実験が可能になる。

2

GasPMは、ガス増倍を⽤いた新型光検出器である。

⾼抵抗板

⽯英窓

e-

光⼦

⾼電圧印加
基板

光電⾯

読み出し

~数百 μm
→短距離で⾼速に
アバランシェ増倍

ガス
(R134a 90%, 
SF6 10%)

松岡さん（KEK），名古屋大

測定器開発プラットフォーム第１回研究会(2019.12)



モジュール化
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D-Egg Performance

1. Introduction

The IceCube Neutrino Observatory, located at the geographic South Pole, is composed of strings of
optical sensors inserted into the Antarctic ice-sheet. Neutrino interactions in the ice create charged
particles, which traverse the ice at high energies emitting Cherenkov light, whose emission spectrum
peaks in the UV region. The in-ice digital optical modules (DOMs) detect this Cherenkov light
using a single 10-inch photomultiplier tube (PMT). To enhance future physics results from IceCube,
a number of new optical modules will be deployed at the South Pole as a part of the coming IceCube
Upgrade project.

One of these new optical modules, D-Egg, has been developed as the primary detector for the
IceCube Upgrade, set to be constructed in the 2022/2023 South Pole season [1]. A total of
310 D-Eggs will have been assembled by the end of 2021, of which 288 are planned for deployment
at the South Pole. Innovations in the module design, in addition to optimisation of the glass
housing size to reduce deployment costs (drilling), has made the D-Eggs both high-e�ciency and
cost-e�ective choices for the IceCube Upgrade.

As opposed to the current generation, single-PMT IceCube DOMs, D-Eggs consist of two high
quantum e�cient 8-inch PMTs. The two PMTs are accompanied by high voltage supply bases, a
front-end circuit board (mainboard), magnetic shielding, and calibration devices. All components
are housed inside an ellipsoidal pressure-resistant vessel made of UV-transparent borosilicate glass,
which has increased UV transmissivity when compared to the IceCube DOM vessel. A figure of
an assembled D-Egg can be seen in Fig. 1.

Figure 1: Figure of the D-Egg module designed and built for the IceCube Upgrade. On the left is the D-Egg,
sealed in the UV-transparent glass housing with the waistband harness around the equator, which will be
used during deployment. Each PMT is carefully fixed in-place in either an upper or lower glass hemisphere
by UV-transparent optical coupling gel. The figure on the right more cleanly shows the inside of the D-Egg,
including the mainboard, calibration devices (cameras, LED flashers), and magnetic shielding.

IceCube is sensitive to neutrinos originating from both the Northern and Southern Skies, and
by installing an upward and downward facing PMT (Hamamatsu Photonics R5912-100-70), the
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CaI2

4.27 MeV, the largest Q value among all the double beta isotope
candidates. The Q value for the double beta reaction is the amount of
energy released by the reaction. Because this Q value is higher than the
environmental radiation (β-rays and γ-rays), it has the advantage of
being easier to perform a measurement in very low-background
condition [14–17]. The undope CaF2 have 3.18 g/cm3 of density and
16.5 of Zeff. CaF2 exhibits emission of triplet self-trapped excitons at
280 nm with around 10,000 photon/MeV of light yield and 960 ns of
scintillation decay time [18]. In general, heavy and high Zeff materials
are required to absorb high energy photons. It can be thought that CaI2
is one of the best candidates for research of the double beta decay with
48Ca because of its scintillation performance such high density, high
Zeff, high light yield, high energy resolution even it is hygroscopic.

In this research, scintillation performance of undope CaCl2, CaBr2
and CaI2 was evaluated. Crystal growth was performed by Bridgman–
Stockbarger (BS) method at each melting points. Investigations of their
crystal phases, luminescence and scintillation properties such light
yield, energy resolution decay time were performed. In addition,
linearity of gamma-ray response in 32–1275 keV range were also
evaluated.

2. Material and methods

2.1. Crystal growth and phase identification

Starting materials were prepared from calcium halide powders of
CaCl2, CaBr2 and CaI2 (3 N, produced by APL). Crystal growth was
performed by the BS method in quartz samples with 4–8 mm inner
diameter. The starting powders were set in the quartz ample in 9 N
purity Ar gas and ~1% of SiCl4 gas as reactive-gas atmosphere after
baking process at 200 °C under high vacuum (~10−4 Pa) to eliminate
water and oxygen. The ample was heated by a Pt heater with the high-
frequency induction coil after sealed cutting. The ample and Pt heater
were surrounded by alumina insulators and temperature gradient
along the growth direction was controlled. The ample was pulled down
at seed of 1 mm/min. Schematic drawing of the BS crystal growth
setup. Mirror polished circular samples with 1-mm thickness were
obtained from the grown crystals in a dry room blow 1% humidity for
luminescence and scintillation properties measurements. The obtained
phases in the eutectics were investigated by powder X-ray diffraction
(XRD) using RIGAKU RINT-2000 in an atmosphere controllable
package.

2.2. Measurements of luminescence and scintillation properties

Photoluminescence decay time was investigated by a spectrometer
(Edinburgh FLS920) using a ultra-fast nanosecond flash lump
(Edinburgh nF920). The radioluminescence spectra were measured
under X-ray irradiation (40 mV, 110μA) at the SR-163 spectrometer
(ANDOR TECHNOLOGY) equipped with the CCD detector DU920P
(ANDOR TECHNOLOGY). Light output measurements were per-
formed by using photomultiplier tube (PMT Hamamatsu R7600U).
The samples were coupled by the PMT using silicone grease (OKEN,
6262A). The pieces were covered by using Teflon-tape. To determine
the light yield, the energy spectra were collected under 662 keV γ-ray
excitation (137Cs source) by using a PMT (Hamamatsu H7600, bialkali
photocathode, quartz window). The signal was fed into a shaping
amplifier (ORTEC 572A), a multichannel analyzer (MCA) (ORTEC
926), and finally to a personal computer. The shaping time was set as
2 μs. The bias for the PMT was supplied by an ORTEC 556. For the
decay time measurement the same setup with the PMT and digital
oscilloscope TD5032B were used (Fig. 1).

3. Results and discussion

3.1. Crystal growth and phase identification

Colorless transparent crystal rods with 4–8 mm diameter and 30–
50 mm length was obtained by the BS method (Fig. 2). Pink surface of
the grown CaI2 is coming from trace of the SiCl4. The grown crystals
were crushed into powder in a glovebox under 9 N Ar atmosphere and
packaged into the atmosphere controllable sample case. XRD measure-
ment was performed using the sample case. The result of powder XRD
of the grown crystals was shown in Fig. 3. The grown crystals showed

Fig. 1. The BS grown CaCl2, CaBr2 and CaI2 single crystals.

Fig. 2. The BS grown CaCl2, CaBr2 and CaI2 single crystals.
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orthorhombic phase for the CaCl2 (CaCl2-type, Pnnm, PDF01-074-
0522 24–223) and CaBr2 (CaCl2-type, Pnnm, PDF01-071-5405 25–
1034), and trigonal CaI2 (CaCl2-type, Pnnm, PDF01-071-3782 4–481)
with trace of hydroxyl halide coming from hygroscopic characteristic of
the calcium halides during the crushing. Origin of a broad peak at 20°
is the atmosphere controllable package made of plastic.

3.2. Measurements of luminescence and scintillation properties

Radioluminescence spectra of the grown CaCl2, CaBr2 and CaI2
crystals measured under X-ray irradiation was shown in Fig. 4. The
expected self-activated 410 nm emission have been observed in the
CaI2 with 350 nm emission ascribed to recombination emission with
H+ or OH- traps in CaI2 according to the previous report [16]. In the
case of CaBr2, a emission peak at 350 nm was observed. No emission
was observed in CaCl2. Photoluminescence decay curves of the grown
CaBr2 (em.@350 nm, ex.@300 nm) and CaI2 (em.@410 nm, ex.@
360 nm) were shown in Fig. 5. Decay time of the CaBr2 and CaI2 were
0.867 ns (28.2%) 15.3 ns (34.8%) 145 ns (37.0%) and 113 ns (97.7%)
1330 ns (2.30%), respectively. The emission peaks at 410 nm in the
CaI2 and 350 nm in the CaBr2 were most likely self-trapped exciton
comparing with decay time of self-trapped exciton in nondope CaF2

[15].
The samples were excited by 241Am, 22Na, 137Cs, 133Ba, and 57Co.

Then, each photo-absorption peak was fit with a single Gaussian
function, and estimate an energy resolution at each energy. As shown
in Fig. 6, 662 keV photo-absorption peak is clearly detected in the case
of CaI2. The CaI2 sample showed 2.7 times higher light output than
Tl:NaI standard [17] which have 39,000photon/MeV and light yield of
was calculated to approximately 10,6000 photon/MeV. The peak was

fit with a single Gaussian function to estimate an energy resolution
(Fig. 6). This sample shows 3.2% of energy resolution. It is thought that
Photo-absorption peak could not be observed in the CaCl2 and CaBr2. It
is thought that their light output was to low and can be the same level
of back ground noise of the PMT. Scintillation decay curve of CaI2
under excitation was shown in Fig. 7. The scintillation decay 834 ns
(84%) 1460 ns (16%) and obtained decay time was comparable value to
the previous report on undope CaI2 [8].

The lines of 32.1 keV (137Cs), 59.5 keV (241Am), 81 keV (133Ba),
122 keV (57Co), 136 keV (57Co), 303 keV (133Ba), 356 keV (133Ba),
384 keV (133Ba), 511 keV (22Na), 662 keV (137Cs), 1274 keV (22Na),

Fig. 3. Powder XRD results of the grown CaCl2, CaBr2 and CaI2 crystals (CuKα 40 mV
30 mA).

Fig. 4. Radioluminescence spectra excited by X-ray (CuKα 30 mV 110 μA).

Fig. 5. Photoluminescence decay curves of the grown CaBr2 (em.@350 nm, ex.@
300 nm) and CaI2 (em.@410 nm, ex.@360 nm) crystals.

Fig. 6. Typical energy spectrum of the CaI2 sample and Tl:NaI standard excited by 137Cs.

Fig. 7. Decay curve of the CaI2 sample excited by 137Cs.
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ナノ粒子添加プラスチックシンチレータ 
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∼100 µm. A fast X-ray detector, which is highly efficient even
at an energy >30 keV, is needed to fully utilize the merit of
the synchrotron light source.

Kishimoto et al. developed a scintillation detector for
SR-NRS by mounting EJ-256 with a photomultiplier
tube (PMT) [15] or Si-APD [16] used as a photodetector. A 10
wt% hafnium-doped organic–inorganic hybrid scintillator pro-
duced by the sol–gel method [17], and PLSs loaded with HfO2

and Bi2O3 metal-oxide nanoparticles were tested for use in
high-energy X-ray detection [18], [19]. The surface-modified
nanoparticles were synthesized using the super- or subcritical
hydrothermal method [20]. However, a low loading ratio of
high-Z atoms in the PLSs at 5–10 wt% limited the detection
efficiency under high-energy X-rays because the scintillation
light yield could not be maintained at a loading ratio of
greater than several 10 wt%. Thickness and size of the tested
high-Z -loaded PLSs were not enough for use in the SR-NRS
experiments.

We recently developed highly transparent metal-oxide-
nanoparticle-loaded PLSs with a loading ratio of up to
60 wt%. The scintillators were fabricated using ZrO2 or
HfO2 nanoparticles mixed in a styrene- or vinyltoluene-acrylic
copolymer and cured by thermal polymerization. This article
presents the experimental results of 40 and 60 wt% HfO2

nanoparticle-loaded PLSs (Hf-PLSs), samples with 8 mm
in diameter and 3 mm in thickness, following the report
on 20, 30, 40, 50, and 60 wt% ZrO2 nanoparticle-loaded
PLSs [21]. The Hf-PLSs were successfully polymerized by
mixing with polystyrene as the polymer base and 2-(4-
tert-butylphenyl)-5-(4-biphenyl)-1,3,4-oxadiazole (b-PBD) as
a fluorophore. We selected b-PBD to obtain a superior time
response according to the previous result [22]. The loading
ratio of HfO2 nanoparticles to the polymer reached 60 wt%
while maintaining a light yield of more than 50% that of
EJ-256. A light yield of 40 wt% Hf-PLS was maintained at
79% that of EJ-256. A timing resolution of 0.32 ns, much
better than that of EJ-256, was actually observed with 40 wt%
Hf-PLS when using b-PBD. We applied it to fast counting
of high-energy X-rays of 50.0 keV and to time spectroscopy
for application to SR-NRS at 67.4 keV because it satisfied
both requirements in loading ratio and time response. The
60 wt% Hf-PLS also exhibited a practical performance level,
which was compared at energies near to and above the Hf K
absorption edge of 65.351 keV [23].

II. FABRICATION AND OPTICAL PERFORMANCE

OF 40 AND 60 WT% HF-PLSS

We produced 40 and 60 wt% Hf-PLSs in Tokyo Print-
ing Ink. The HfO2 nanoparticles were synthesized through
a surface modification using aliphatic carboxylic acid by
applying a subcritical hydrothermal method similar to that
for the ZrO2 nanoparticles presented in [21]. A characteristic
of our method is the use of octanoic acid and ricinoleic
acid for surface modification. Observation with transmission
electron microscope showed that the average particle size was
less than 10 nm. A mixed polymer of styrene monomer as
the main component and an acrylic monomer was used for

Fig. 1. Photograph of 40 wt% (left) and 60 wt% (right) Hf-PLSs,
approximately 8 mm in diameter and 3 mm in thickness.

the thermal polymerization, in which the acrylic monomer
prevented agglomeration of the nanoparticles and main-
tained the transparency of the scintillator. The fluorophore of
b-PBD (>98.0%, Tokyo Chemical Industry) was mixed to be
1.0 mol% of the styrene-acrylic mixed monomer. Samples of
the Hf-PLS were fabricated via free-radical polymerization
with added 2,2′ -azobis (2,4-dimethylvaleronitrile) (>98.0%,
Tokyo Chemical Industry) at temperatures of 55 ◦C–65 ◦C
for 12–24 h. The polymerization was executed under a N2

atmosphere using a tightly capped borosilicate glass vial (1 ml
in volume, 8 mm in inner diameter). After polymerization, the
glass vial was broken to remove each sample. The surfaces
of the samples were transparently polished with sandpaper to
attain a 3-mm thickness.

Fig. 1 shows samples of the 40 and 60 wt% Hf-PLSs. The
Hf-PLS sample became brittle as the HfO2 loading ratio was
increased to >50 wt% and small cracks can be seen in the
surface of the 60 wt% sample, which were caused by breaking
the glass vial. However, they maintained their transparency for
visible light even at such large mixing ratios. The densities of
the samples were measured as 1.43 and 1.65 g/cm3, respec-
tively. The measurement error was less than 0.01 g/cm3. The
transmittance spectra were observed, as shown in Fig. 2(a),
from which the transmittances were calculated to be 86.4%
and 86.1%, respectively, averaged within the 380–780 nm
visible range using a UV–Visible/near-infrared response (NIR)
Spectrophotometer UH4150 (Hitachi High-Tech Science). The
averaged transmittance values for the 330–600 nm range,
which corresponds to the scintillation wavelength range, were
69.9% and 71.2%, and values of 60.7% and 63.7% were
obtained at the peak emission wavelength of 386 nm, for
the 40 and 60 wt% Hf-PLSs, respectively. The error of the
measured values was less than 0.1%. We consider that in
the wavelength range longer than 380 nm, the amount of
dispersion and small size of HfO2 nanoparticles caused high
transmittance for both the 40 and 60 wt% Hf-PLSs. However,
in the shorter wavelength range, absorption by the fluorophore
and scattering by the nanoparticles may have decreased the
transmittance. The photoluminescence (PL) spectrum was also
recorded using a Quantaurus-QY Plus UV-NIR absolute PL
quantum yield spectrometer (Hamamatsu Photonics), as shown
in Fig. 2(b). Considering that the maximum b-PBD’s fluores-
cence was exhibited with excitation at ∼305 nm [24], we set
the excitation wavelength on the spectrometer to 300 nm.
The fluorescence peak was observed at ∼386 nm, caused
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Fig. 6. Pulse height spectrum of Ce:GPS for -particles.

Fig. 7. Decay curve of Ce:GPS for -particles.

Fig. 8. Pulse height spectrum of Ce:GPS for -rays.

spectra were measured using as an alpha-particle source
and as a gamma-ray source. Figs. 6 and 7, respectively,
depict pulse height spectra and decay curves under alpha-par-
ticle excitation. The light output of Ce:GPS was approximately
five times greater than that of GSO and the decay time constant
was estimated as 39 ns. It is suggested that effective scintil-
lation under alpha-particle excitation occurred because of the
large Ce-concentration in Ce:GPS. For gamma-rays, as shown,
respectively, in Figs. 8 and 9, 2.5 times and five times greater
light output than GSO and BGO were obtained. The decay time
constant and energy resolution of Ce:GPS were, respectively,
46 ns and 6.0%. Energy resolution will be improved by fab-
ricating single crystals that have no cracks. These properties
demonstrate that Ce:GPS can be used as a novel high-perfor-
mance scintillator.

V. CONCLUSION

A trial of the floating zone growth of Ce:GPS single
crystal was carried out with the intention of developing novel
high-performance scintillators and investigating of scintillation

Fig. 9. Decay curve of Ce:GPS for -rays.

characteristics. The Ce:GPS was transparent. It showed five
times greater light output than GSO and decay time constant
of 39 ns for alpha-particles, and 2.5 times greater light output,
and decay time constant of 46 ns for gamma-rays. The energy
resolution can be improved through fabrication of single crys-
tals that have no cracks. Studies of the phase diagram around
the phase in the - system are underway,
aimed at growth of large single crystals using the Czochralski
method. We will also study optimal Ce concentration for
improvement of Ce:GPS scintillation performance.
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Gadolinium PyroSilicate  (GPS)

crystal, grown using vertical Bridgman–Stockbarger method,
appeared low hygroscopic property. We demonstrated
excellent scintillation properties in the crystal such as high
light yield (∼46,000 photons=MeV), high energy resolution
(∼5%), and a moderate principal decay time (∼350 ns).
We speculate that the intense emission band of the TlMgCl3
crystal that is near a wavelength of 405 nm is due to localized
Tl+ ions, (TlCl3)2− complexes, or some intrinsic defects.
Future efforts toward understanding the origin of these emis-
sions are expected to further more improve the scintilla-
tion characteristics of this scintillation method. Our results
indicate that the TlMgCl3 crystalline scintillator can be a
promising candidate for X-ray and gamma-ray detectors
for various applications.
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• Optical separationも含めて 

複数素材を同時に成形の可能性

•複雑な形状が可能に

元々T2Kのアップグレードに関係して 

（KEK 中平さん，松原さん）
九州大の金政浩先生と相談していた

CERNの人に話したらしばらくして →

Figure 4: Cubes of cast plastic scintillator with an addition of di�erent plasticizer, in the following
order from left to right: without plasticizer, 5% DOP, 10% DOP, 5% byphenil, 10% byphenil, 5%
ethylbenzene, 10% ethylbenzene. The fractional amount of plasticizers is by weight.

Figure 5: The pulse height spectra of polystyrene-based plastic scintillator exposed to a 137Cs W-
source is shown. The X axis shows the number of ADC channels. Di�erent byphenil compositions
by weight were tested: standard composition plastic scintillator (1 - black), 5% biphenyl (2 - red),
10% biphenyl (3 - blue), 15% biphenyl (4 - green). The inset plot on top right shows the dependence
of the relative light output as a function of the byphenil content.

used for the final tests were produced with the “CreatBot Dx2”. The polystyrene scintillator filament
was produced following the method described in sec. 4.1.

Important tuning parameters are the ratio between the extruder diameters and the layer thickness,
the line overlap, the printing speed and the extruder flow. After a campaign of tuning all of those
parameters, a fully dense and transparent scintillator cube was produced. The FDM extruder
diameter was set to the range between 0.4 mm and 0.6 mm. Extrusion temperatures between
240�C and 250�C and printer bed temperatures around 100�C were tested. The printing speed
was between 10 mm/s to 30 mm/s, with a layer thickness between 0.1 to 0.2 mm. In fig. 7 two
polystyrene scintillator cubes are shown during the 3D-printing process.

– 7 –



おわり

• 周辺どころかほんの一部の偏った紹介だけでした。すみません
• これもあるよ，という方はぜひ測定器開発プラットフォームへ
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• PD18ワークショップ https://indico.ipmu.jp/event/166/

•プラットフォーム A キックオフミーティング https://kds.kek.jp/event/32257/ 


•プラットフォーム A 第一回研究会 https://kds.kek.jp/event/33068/

•シンチレータ研究会SMART https://smart20170.wixsite.com/smart2019

少し古いですが

https://indico.ipmu.jp/event/166/
https://kds.kek.jp/event/32257/
https://kds.kek.jp/event/33068/
https://smart20170.wixsite.com/smart2019

