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• 南北半球に約 100 台の望遠鏡を配置する次世代ガンマ線天文台

• 20 GeV–300 TeV の広いエネルギー範囲をカバーし、従来装置の約 10 倍の感度向上を目指す
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Medium-Sized Telescope (MST) 
80 GeV–50 TeV

Large-Sized Telescope (LST) 
20 GeV–30 TeV

Small-Sized Telescope (SST) 
2–300 TeV
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将来の LST 焦点面カメラへの SiPM 導入検討

大口径望遠鏡（LST） 
• 現行焦点面カメラには 
光電子増倍管（PMT）


次世代焦点面カメラの候補 
半導体光電子増倍素子（SiPM） 
• 高い光検出効率

• ピクセルの小型化が容易

• 大光量に対する高い耐久性 


→ 入射角依存性を含む光検出効率を測定し 
　 複数製品の性能を比較したい

22 第 4章 観測時間拡大に向けた光検出器の SiPM採用と夜光低減の先行研究

図 4.1 LST初号機で採用されている PMT（R12992-100-20）。画像提供：奥村曉

図 4.2 集光器を焦点面で並べた模式図。焦点面の不感領域の低減が可能である。図は Okumura（2012）より引用。

図 4.3 集光器の入射角度ごとの集光効率。内部の曲線ごとに場合分されている。図は Okumura（2012）より引用。
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焦点面カメラ
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Okumura (2012)

optimized for the two-dimensional space cannot collect some of
the skew rays onto the exit apertures in three-dimensional space.
Fig. 3 compares the collection efficiencies of two-dimensional, axi-
symmetric, and hexagonal Winston cones. The two-dimensional
cone has an ideal discontinuous cutoff at hmax ¼ 30", whereas the
axisymmetric cone has a continuous cutoff, and the hexagonal
cone has a more gradual cutoff around hmax because of the contri-
bution from skew rays.

In this study, we demonstrate that a hexagonal light collector,
which has a better collection efficiency than the normal hexagonal
Winston cone, can be designed using quadratic or cubic Bézier curves
instead of Winston’s original paraboloid. The parameters for the opti-
mized designs found in our ray-tracing simulations are given in Table
1 so that readers can use them for their own applications.

2. Method

2.1. Bézier curve

To search a hexagonal light collector having the maximum col-
lection efficiency, we tweaked the shape of the six side surfaces

using quadratic or cubic Bézier curves. A Bézier curve is a smooth
parametric curve often used in computer graphics and computer-
aided design [8]. The coordinates of the curve are given by a single
parameter t ð0 6 t 6 1Þ and two or more control points
Pi ði ¼ 0;1 . . . NÞ, where N is the order of the curve.

For N ¼ 2, a quadratic Bézier curve is given by

~BðtÞ ¼ ð1% tÞ2~P0 þ 2ð1% tÞt~P1 þ t2~P2; ð1Þ

where P0 and P2 are located at the end points of the entrance and
exit apertures, respectively, as shown in Fig. 2(b). Various Bézier
curves can be generated by changing the coordinates of control
point P1 (P1r and P1z).

Light CollectorLight Collector

Dead AreaDead Area
PMTPMT

by Mirrors (< θang/2)

Stray Light
 (> θang/2)

Optical Axis of
the Telescope

Fig. 1. Schematic of a typical focal-plane camera of an IACT. Circles show the
effective area of PMTs aligned in a honeycomb structure. Hatched region is a dead
area not covered by the photocathodes of the PMTs. Hexagonal light collectors are
placed in front of the photocathodes. Cherenkov photons enter the light collectors
from the direction of the mirrors within the numerical aperture of the telescope
optical system, whereas stray light enters at large incident angles.

(a) (b) (c)

Fig. 2. (a) Vertical section of a Winston cone. Thick red curve is the part of a parabolic curve whose focus is located at point F. Vertical solid line is the optical axis of the
collector. (b) Vertical section of a quadratic Bézier light collector. Thick red curve is the track of a parameterized point BðtÞ defined by three control points: P0, P1, and P2,
where P0Q0 : Q0P1 ¼ P1Q 1 : Q 1P2 ¼ Q 0BðtÞ : BðtÞQ 1 ¼ t : ð1% tÞ ð0 6 t 6 1Þ. The coordinates of point P1 are written in relative values between P0ðr ¼ 0; z ¼ 0Þ and
P2ðr ¼ 1; z ¼ 1Þ. (c) Vertical section of a cubic Bézier light collector. Thick red curve is the track of a parameterized point BðtÞ defined by four control points: P0; P1; P2, and P3,
where P0Q 0 : Q 0P1 ¼ P1Q1 : Q 1P2 ¼ P2Q 2 : Q2P3 ¼ Q0R0 : R0Q1 ¼ Q 1 : R1Q2 ¼ R0BðtÞ : BðtÞR1 ¼ t : ð1% tÞ ð0 6 t 6 1Þ. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Comparison of simulated collection efficiencies of two-dimensional (solid
line), axisymmetric (dotted with filled circles), and hexagonal (dashed with open
circles) Winston cones. We assumed q1; q2, and R to be 20 mm, 10 mm, and 1.0,
respectively. Note that the data points for the axisymmetric cone must be scaled by
p=2

ffiffiffi
3
p
;0:907 when the cones are aligned in a honeycomb structure, because the

circular entrance aperture has a dead area. The typical statistical error of the graphs
is 0.3%.

A. Okumura / Astroparticle Physics 38 (2012) 18–24 19

光は大角度で入射
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SiPM の光検出効率を求める際の課題

4

Figure 3: Left: Output signal from Hamamatsu MPPC S10943-1071. The trigger threshold is set at ⇠ 0.5 PE
level. The clear distinction between the separate PE levels (1, 2, 3, 4, 5 PEs) illustrates the excellent pulse
height resolution of SiPM devices (see section 2.2). SiPM cross-talk is the reason behind pulses with amplitudes
of 2 PEs and above (see section 5.2). Right: Average pulse shape from MPPC S10943-1071 (FWHM ⇠ 60 ns,
trise ⇠ 6 ns), Excelitas C30742CERH-100-5-1 (FWHM ⇠ 6 ns, trise ⇠ 3 ns) and MAPMT H10966B (FWHM ⇠
1.5 ns, trise ⇠ 1 ns)

(trise) however, remains short enough ( 2� 10 ns depending on the device) that shaping circuitry acting as a
high pass filter can be used to significantly reduce the FWHM to ⇠ 10�20 ns (although at the cost of attenuating
the signal amplitude).

The Cherenkov signal from EAS that we are aiming to detect is typically ⇠ 5 ns long. Pulse widths
much smaller than this intrinsic duration from the Cherenkov signal might therefore result in non-overlapping
Cherenkov photon pulses which would fail to pass our trigger threshold (which we anticipate to be at the level
of ⇠ 2 � 4 PEs). For example, MAPMT pulses may need to be artificially broadened to resolve this issue. On
the other hand, the pulse width should not be much larger than the intrinsic Cherenkov pulse duration in order
to limit the contamination from NSB photons during the Cherenkov signal pulse. Shaping of the signal output
is therefore anticipated to shorten SiPM pulses with long tails.

2.2 Gain

Gain is the internal amplification of the device expressed as the average number of charge carriers produced from
a single original photoelectron (or thermal electron). It can be estimated from the mean voltage amplitude of
the 1 PE peak Aav,peak (see Figure 4) with:

Gain =
Aav,peak

50 ohm
⇥ Ccurrent=>charge

Gelec ⇥ e
(1)

where Ccurrent=>charge is the conversion factor from peak current to total integrated charge (using the average
pulse shape), Gelec is the amplification of the external electronic gain chain used and e is the electron charge.

Gain strongly correlates with MAPMT high voltage or SiPM bias voltage Vbias (Figure 5, top left panel).
The linear dependence of SiPM gain with Vbias can be simply understood by modeling each GM-APD depleted
region with a capacitor of capacitance Ccell. The charge flowing during capacitor discharge is then:

Q = Gain⇥ e = Ccell(Vbias � Vbreakdown) (2)
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A. Bouvier et al. (2013)

SiPM

PMT

20 ns

出力波形の例

シリコン基板

APDセル

保護層

入射光子

正確な Gain 測定が困難 
信号の減衰が遅く、波形は製品ごとに異なる

→ 積分範囲によって電荷量が変わる

Optical Crosstalk (OCT) 
検出した光子の数よりも多くのセルが反応する  
→ 信号の電荷量が増える

Gain 測定・Crosstalk 補正を必要としない方法で、光検出効率を測定したい
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光検出効率（PDE）の波長・入射角依存性の測定方法

先行研究｜電流比較による相対 PDE 測定 

• 波長・入射角依存性を測定可能
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εSiPM(λ) ∝
ISiPM(λ)
IPD(λ)

εPD(λ)

Gain 含む

相対 PDE を絶対値へ換算するには 
基準条件での絶対 PDE が必要2 mm
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RS-232C

分光計

IPD(λ)

ISiPM(λ)回転可能

安藤大地 修士論文, 2026
先行研究の測定系

本研究｜絶対 PDE 測定系の構築 

• 製品間・個体間の PDE を比較したい

‣ Gain 測定・Crosstalk 補正が不要 
‣ 簡便かつ短時間で測定できる 

• フォトダイオード（PD）の較正確度は約 2%

‣ その他の不定性を約 1% に抑える
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絶対光検出効率 εSiPM の測定原理
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εSiPM =
① パルスあたりの平均検出光電子数  μpe /pulse

② パルスあたりの平均入射光子数 μγ /pulse

今回は測定法の概念実証 → ND 減光率を含む系統的不確かさの評価は今後

パルスレーザー SiPM
ND

信号のない事象を十分に得るため 
ND を重ねて約 3 × 10-6 に減光

① 平均検出光電子数 μpe /pulse

パルスレーザー
較正済み  

フォトダイオード（PD）

pA 領域の測定安定性は未確認のため 
十分な光量（ND なし）で電流を測定

PD 電流を測定  
→ ND 減光率を用いて換算

② SiPM への平均入射光子数 μγ /pulse

SiPM 出力波形を取得  
→ 信号のない事象の割合から算出
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平均検出光電子数 µpe の算出方法
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② 出力波形を整形（時間微分）

���� ���
 ���� ���
 ���� ��	�
��������������������������������

	��

	�	

	�


	��

	��

��
��

��

0 p.e.（ベースライン）
1 p.e.

2 p.e.

① パルスレーザーを SiPM に照射

3 p.e.

③ 整形後の波高分布を作成

• 1 パルスの検出光電子数（p.e.） k は 
理想的には平均値 µpe のポアソン分布に従う





• OCT は 0 p.e. 事象数 N0 を変化させない 
→ 0 p.e. 事象の割合から µpe を推定





   ,       

P(k; μpe) =
μk

pee−μpe

k!

P(0) =
N0

Ntotal
= e−μpe

μpe = − ln
N0

Ntotal

δμpe

μpe
=

1
μpe

δN0

N0N0
N0 の推定精度が µpe の推定精度に直結

2 ns

Ntotal
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0 p.e. 事象数 N0 の推定における課題

8

0 p.e. 1 p.e.

中間波高成分
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0 p.e. 事象数 N0 の推定における課題
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0 p.e. 1 p.e.

中間波高成分
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閾値以下を N0 として計数

Δµpe ~ ± 0.5%

推定 μpe は閾値に依存

中間波高成分の影響を抑えた N0 推定が必要
µ p
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ベースラインテンプレートを用いた N0 の推定
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① レーザー到達前の波形から 
ベースライン波高を取得

② ベースラインの 
テンプレートを作成

③ レーザー波高分布に 
テンプレートをフィット

テンプレートの全事象数 
Ntemp

中間波高成分を避けるため 
負側のみで規格化 

N0 = ascale Ntemp

Fit
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Fit

レーザー波高分布

閾値を用いず、中間波高成分を避けて N0 を推定

複数区間から取得して 
統計数を確保
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Preliminary

404 nm における絶対 PDE 
32.24 ± 0.13 (stat.) %

絶対光検出効率（PDE）測定の結果
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•多層膜コーティング SiPM の絶対 PDE を測定

•系統的不確かさは未評価 → 絶対値の精度検証は今後
404 nm の絶対 PDE を基準に、相対 PDE を絶対値へ換算できることを実証

εSiPM = 32.24 ± 0.13 % (stat.)
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まとめと今後の展望
まとめ 

•Gain 測定・OCT 補正を必要としない絶対 PDE 測定系を構築し、測定手順を実証


•ベースラインテンプレートを用い、中間波高成分を避けて 0 p.e. 事象数 N0 を推定


• 404 nm の絶対 PDE を基準に、相対 PDE を絶対値へ換算できることを確認


• ND 減光率を含む系統的不確かさは未評価 → 絶対値の精度検証が今後の課題


今後の展望 

•中間波高成分の発生要因を特定し、解析手法を確立


• PD の微小電流（~pA）測定の安定性を確認し、系統的不確かさと再現性を含めて 
絶対 PDE の測定精度を検証


•絶対測定系と相対測定系を統合し、PDE の波長・入射角依存性を測定できる系を確立
11




