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• Cryogenic experiment = best place for SiPM 
application 

• Greatly suppressed DCR (ex. five orders of magnitude at 
LXe temperature) allows us 

• Large area application 
• Higher dose application 

• Per-area cost of SiPM already (almost) comparable to 
PMT 

• Even higher density array with minimum dead space 
possible with TSV technology 

• Large area application ≳O(1m2) already starting 
for cryogenic experiments 

• MEG II LXe 0.93m2 (commissioning) 
• Much larger area for (near) future projects 

• How to readout (large-area) cryogenic SiPM? 
• Ganging scheme for large area 

• Passive or active? 
• Pre-amplification 

• Cryogenic or room temp? 
• Signal transmission 

• Cable, feedthrough
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Cryogenic SiPM

J.  Csathy et al. NIMA 654 (2011) 225–232  

only absorber is the WLS fiber. This arrangement increases
substantially the amount of light collected in the fiber.

3.1. Choice of the WLS fiber

The emission spectrum of the TPB [17] and the absorption
spectrum of most WLS fibers partially overlap. We chose the
BCF-91A made by Saint-Gobain [18] which has a wide absorption
peak. Using the spectra from Refs. [17,18] we estimated the
conversion efficiency from 128 to 500 nm to be around 50%.

The choice of the WLS fiber was also motivated by a typical
size of available fibers. The 1 mm !1 mm square fiber is a
reasonable match for the 1 mm2 active area of the SiPM.

The major limiting factor in such a setup is the low trapping
efficiency of the WLS fibers. The fibers with the highest trapping
efficiency are the multiclad fibers with square cross-section. The
fiber used in the experiment had a trapping efficiency of 7.3%
and an attenuation length of 4 3.5 m [18].

3.2. Optical coupling

The optical connection between the fiber and the SiPM was
realized as follows: First the fiber was glued in a squared shape
plastic connector (Fig. 8) taking care to keep the edges of the
square fiber aligned with the connector. The fiber end was polished
together with the connector. The SiPM was placed in an Al holder
that was also designed to keep the SiPM aligned and prevent
twisting. The plastic connector was fixed with screws to the Al

holder. With the screws on each facet of the holder we could shift
the plastic connector by 71 mm in all directions in the plane of
the SiPM. The relative position of the fiber to the SiPMwas tuned in
the dark room using a LED pulser and monitoring the signal of the
SiPM with an oscilloscope. In the position where the SiPM signal
was maximal, the plastic connector was fixed. The screws fixing
the connector in the final position were also pressing it down on
the SiPM to ensure a close contact.

The sensitive surface of the MPPC is protected by a 0.3 mm
thick epoxy resin that prevents direct contact with the polished
end of the fiber. From the total reflection angle inside the fiber we
can calculate that the total illuminated area is about 35% larger
than the surface of the MPPC. For this reason we assume that the
optical coupling causes a further 35% loss of light at most.

3.3. Mechanical setup

To hold the fibers inside the dewar a simple aluminum structure
was designed. Three vertical bars with holes in them keep the coil of
WLS fiber in place about 1 cm distance from the wall of the dewar.
The distance between two parallel fibers is 1 cm. The holder with
the fibers is shown in Fig. 9. The volume enclosed by the fiber coil is
approximately 17 l (23.8 kg Ar). The VM2000 foil coated with a TPB
solution was glued to the internal walls of the dewar and the
radioactive sources were placed immediately next to the dewar.

The thickness of the LAr between the HPGe detector and the
vertical walls of the dewar is only about 7 cm.
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Fig. 6. Breakdown voltage as a function of temperature of the MPPC with 400 pixels.
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Fig. 7. Dark rate of the 400 pixel MPPC as a function of temperature at 2.5 V over-voltage. The error bars from the statistical error are smaller than the symbols.
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• Several choices depending on requirements 
and constraints 
• Speed, S/N, granularity, # of readout cables, cost, … 

• Active ganging 
• Better S/N and timing 
• Need cryogenic compatible amplifier 

• Power consumption 
• Cooling 
• Bubbling due to local heat 

• Additional radioactivity near active detector volume 
• Influence on purity of liquid 

• Passive ganging 
• Simpler 
• Need signal transmission over long cable 
• Parallel or series? 

• Combination of active and passive ganging

 3

Ganging
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図 3.7 真空紫外光に対する PDE。15%以上の PDEが確認できている。

直列接続による信号の読み出し
プロトタイプ素子では４つの 6 × 6mm2 のチップ４つが１つのパッケージにまとめられており、これ
を１つのチャンネルで担当する。４つのチップは独立に読み出せるため、パッケージをのせる基板に回路
を実装することで、様々なつなぎ方が実現できる。具体的には図 3.8に示す３通りの手法が検討された。
１つ目は全てを並列につなぐ手法であり、単純に 12 × 12mm2 の素子を用いるのと同等な信号が得られ
る。残り２つは直列接続であり、直列につながっているチップの数によって２段直列接続と４段直列接続
がある。一般に直列接続の段数が増えれば増えるほど静電容量が小さくなるので、波形の時定数が小さく
なる一方、増幅率も小さくなるという特徴がある。
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図 3.8 直列接続の概念図。４つのチップの接続法として、３通りの候補がありうる。

図 3.9にそれぞれの直列接続による 2 p.e.信号の波形を示す。直列の段数が増えると時定数が小さくな
る傾向が確認できる。３つの候補のうち単純な並列接続ではたち下がり時定数が約 130 ns程度となって
いる。これはガンマ線に対する液体キセノンのシンチレーションの時定数 45 nsよりもかなり大きく、パ
イルアップ除去に悪影響を与える可能性があるため候補から除き、直列接続で信号を読み出すことが決定
された。どちらの直列接続を使用するのかは後ほど第 4章や第 9章で議論する。
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いる。これはガンマ線に対する液体キセノンのシンチレーションの時定数 45 nsよりもかなり大きく、パ
イルアップ除去に悪影響を与える可能性があるため候補から除き、直列接続で信号を読み出すことが決定
された。どちらの直列接続を使用するのかは後ほど第 4章や第 9章で議論する。
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• Parallel 
• Charge preserved, but amplitude reduced 
• Better S/N 
• Increasing capacitance→slow rise and long tail 

• Not optimal for timing and high rate 
• Need to group SiPMs with same breakdown voltage 

• Series 
• Both charge and amplitude reduced (signal gain reduced) 
• Reduced capacitance→fast signal 

• Better for timing 
• Automatic over-voltage adjustment even with different 

breakdown voltages 
• Need higher bias voltage (× N) 

• Hybrid 
• Connected in series, but with decoupling capacitor in between 
• Series connection for signal and parallel connection for bias 
• Common bias voltage 

• Combination
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図 3.10 ４段直列接続の場合の単純直列接続 (左)とハイブリッド接続 (右)。ハイブリッド接続では高
周波の信号はコンデンサを通り直列に読み出されるのに対し、バイアス電圧は直流なので抵抗を通っ
て各チップに並列にかかる。

3.3 信号読み出し手法
MPPCからの信号は図 3.11のような PCBを用いて読み出される。前節で述べた直列接続の回路はこ
の PCB上で実装される。この PCBでは信号線の周囲をグラウンドで囲むことにより、チャンネル間の
クロストークや外部からのノイズの影響を抑える工夫がなされている (図 3.12)。またインピーダンスが
50Ωなるように調整されている。
この PCBは信号を読み出すだけではなく、MPPCを適切に配置する役割がある。図 3.13に配置の予
想図を示す。PCB１枚には 22個の素子を並べることができる。この PCBをビーム軸上流、下流側から
それぞれ 93枚ずつ並べることで、44× 93 = 4092個のMPPCを配置する。
PCBから読み出された信号は同軸ケーブルを用いて読み出される。ケーブルの長さは 2.5mから 4.9m

であり、ケーブルの体積を抑えるためフィードスルーまでの距離に依存して、7段階の長さを使用する。
信号を真空容器の外に引き出すには PCBを用いて高密度な信号の伝送を実現したフィードスルーを使用
する。このフィードスルーに用いる PCBもMPPCを載せる PCBと同様に信号線がグラウンドで遮蔽
された多層基板となっている。フィードスルーからWaveDREAMまでは 7mの同軸ケーブルで信号を
伝送する。

Hybrid connection
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• DarkSide-20k 
• Two-phase LAr TPC (20t) 
• 5210 × 25cm2 Photon Detector Modules (PDMs) 
• Covering total area of 14m2  
• VUV detection with WLS+TPB 

• Requirements for PDM 
• DCR < 0.1 Hz/mm2 

• PDE > 45%  
• SNR > 7 
• Time resolution of O(10ns) 
• Dynamic range > 50pe 
• Power consumption < 250mW 
• Radiopurity (U-238, Th-232) < mBq
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DarkSide-20k

From SiPMs to PDMs: DS-20k requirements

Surface: 50x50 mm2 

In order to contain the number of 
channels. Foreseen number: 5210

Tile

FEBs

Top View

Side View Side View

3D View

PDE: ≥ 40% 
Higher PDE wrt Hamamatsu PMTs 

together with higher active area 
coverage will boost the light 

yield.

Power dissipation density: ≤ 
100!W/mm2 

Total Power dissipation per 
PDM: ≤ 250mW 

Avoid bubbling in LAr and 
excessive thermal load on the 

cryogenic system.
Dynamic Range: ≥ 50PE 

Precise S2 reconstruction.

Time resolution: O(10ns) 
Necessary to keep the ER/NR 

discrimination power with fprompt.

Overall Noise Rate: <0.1Hz/mm2 

DCR+TCN+BN <250Hz/PDM ⇒ SNRPDM > 8 
Higher rates would impact on 

trigger efficiency and PSD power.

Strong constraints to SiPMs, electronics and readout performances.

  EDU2017               15               28 - 7 - 17

Gain: 80 dB (V/A)

Gain flatness: 0.6 dB (<10 MHz)
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A SiPM based cryogenic Photo Detector Module for dark 
matter searches

Andrea Mandarano (GSSI, LNGS) on behalf of the DarkSide-20k collaboration

Strong collaboration with FBK 
allowed many SiPM variants to 
be  tested  [1,2].  NUV-HD  Low 
Field technology shows a DCR < 
10  mHz/mm2 at LAr temperature 
and  TCNP  well  within  the 
required limits. PDE is peaked 
at 420 nm and is above 50% at 
5 V of over-voltage.
FBK  also  developed  a  NUV-HD 
variant with increased doping 
levels  that  shows  reduced 
afterpulse  and  allows 
operation  at  up  to  14  V  of 
over-voltage  at  80  K, 
resulting  in  extended  gain. 
The  DCR  is  compatible  to   
NUV-HD Standard Field devices.

Low Field and triple dose technologies were combined in a new R&D run of NUV-HD SiPMs. 
Characterization of these devices at cryogenic temperature is currently ongoing.

D1

D2
Rp
100M

Rp
100M

R7

10k

C1

1u

Rs 62

D3

D4

Rp
100M

Rp
100M

D5

D6

Rp
100M

Rp
100M

Rs

50

Rs

50

Zin

TIA

Cd

1u

Rd

50

HV

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●●
●●
●●
●●
●
●●
●

●●

●

●
●
●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●
●

●●

●
●
●

●●

●

●

●

●

●

●

●●

●

●●

●

●●

●

●●●

●
●
●
●
●
●●
●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●
●●●
●●
●

●●
●

●●

●●

●●

●
●

●
●
●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●
●

●
●

●

●

●

●
●●

●

●
●

●●●

●

●

●●

●
●

●
●

●
●

●

●

●

●
●

●
●
●●

●●

●

●
●●●

●
●
●

●

●

●
●
●●

●
●
●
●●
●

●●

●
●
●

●
●
●●
●

●
●●
●●●
●●
●●●
●

●
●
●●
●
●●●●●●●
●●●●●●●●
●●●●●●●●●●
●●●
●●
●●●
●

●●●
●●

●
●●

●●
●●

●

●

●
●

●●

●●

●

●
●

●
●

●

●

●

●●

●
●

●

●

●
●
●●

●

●

●

●

●

●

●
●

●●

●

●
●
●

●

●
●●

●

●

●
●
●●

●

●

●●●

●

●●

●

●

●

●

●
●

●
●

●●

●

●
●
●

●

●●
●●
●
●●

●

●

●●
●
●

●
●
●●

●
●

●

●

●
●●
●

●

●

●

●●
●

●●
●
●●●
●
●

●

●

●●●●●●
●
●

●
●
●

●
●●
●
●●●
●●
●●●●●
●●●
●
●●

●
●
●
●
●
●
●●●

●

●●

●●

●

●

●

●

●

●
●●

●

●

●

●
●
●●

●
●

●

●●
●

●
●
●●

●

●

●
●●
●●●
●●

●

●
●
●●

●●

●●

●

●
●●

●
●●

●
●
●●
●●
●
●

●
●
●
●

●

●
●
●

●

●

●

●

●

●
●
●

●

●

●●

●

●●
●
●●

●
●
●
●

●●
●
●
●

●
●
●
●

●

●●

●
●

●

●

●

●

●
●●
●
●●

●

●

●●
●

●●●
●●●

●●
●●
●
●●
●●●●
●●●●
●●
●●●
●
●●

●

●

●●●●
●

●
●
●●
●
●●

●

●
●

●

●

●

●

●
●

●●●
●

●●

●
●

●

●

●●
●●●
●
●●
●
●

●

●●●
●

●

●
●

●

●
●

●●●●
●●
●

●

●

●
●
●
●
●

●

●

●

●

●●●

●
●●●●
●

●
●
●
●
●●

●
●

●
●

●

●
●
●●
●●●

●

●

●

●●●

●●
●●
●
●
●

●

●

●
●
●●
●
●

●
●

●
●
●
●

●●
●
●

●●●
●
●

●
●●
●
●
●
●
●●●

●

●

●

●

●●
●●
●
●●

●
●●●
●

●

●
●

●
●●

●

●

●

●●
●
●●
●

●

●●●●
●
●●

●

●●
●
●
●

●●●●

●●●
●●

●

●●
●

●
●
●●
●

●

●●●
●●
●
●●●

●
●●●●

●●

●

●
●

●
●
●●
●●

●

●

●

●●●●
●

●●
●
●
●●●

●

●

●●
●
●●
●●
●●●
●
●

●

●●
●●
●●●●

●
●
●●●●
●
●●●

●
●
●
●
●
●
●●●
●

●
●
●●
●
●

●
●●
●●
●
●●
●●●●
●
●
●
●
●●

●●
●
●●
●●
●

●

●
●●●●●●
●

●●
●
●
●●

●
●
●
●
●
●●
●
●
●
●

●
●

●

●

●

●

●
●
●●●
●●●
●
●
●
●●
●●●
●

●

●
●●●●●●
●●●●
●●●
●
●
●
●
●●●●

●
●
●●
●
●
●

●●
●
●●●●
●

●●

●●
●●
●
●
●●
●●●●

●

●●●●●●
●●

●●
●
●
●

●

●

●
●●●●●●●●●●
●
●●
●
●●
●

●●
●●●●●●●
●
●
●●
●
●●
●●●●●
●●●●
●●●
●●●
●●●●●
●●●
●
●●●●●
●
●●●
●

●

●
●●●●●●
●
●●●●●●●●●●
●
●●
●
●●●●

●●●●●
●●●
●
●
●

●
●
●
●●●
●●●
●
●
●●
●

●●●
●
●●
●●
●
●
●●
●

●
●
●●
●
●
●●
●

●●●

●
●●●
●●
●
●
●●●●●●
●●
●●
●
●
●●●●●●●●●●●●
●
●
●
●
●
●
●●
●
●●
●
●●
●●●●●●●●
●●
●●●●
●●
●
●●●●●●●●
●●●●●●●●●
●●●●●●●
●
●
●
●●●●
●●●
●
●●●●●●●●●
●●●●●
●
●
●●●●●
●●
●●
●●●●
●●●●●●●●●
●●
●●
●●
●

●

●●●●●
●●
●
●●●
●●●
●●●●
●
●●
●●
●●●●●
●●
●●●●●●●●●
●
●●●
●●●●●
●
●●

●
●
●
●●●●
●
●●●
●●●●●●
●●●●●●●●●
●
●●●●●
●
●●●●●●●●●●●
●●●●●●
●●●●●
●
●
●●●●●●●●
●
●●●●●●●●●●
●
●●●●●●●●●●●●●
●●
●●●
●
●●●●
●●●●
●

SNR :  13

σ1 PE :  9% G

−1 0 1 2 3 4 5 6 7 8 9

0

500

1000

0 50 100 150

PE

Filtered Peak [a.u.]

C
o
u
n
t
s

● ● ●● ● ● ● ●● ● ●● ● ●●● ●● ●● ● ● ● ●● ●●●● ●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ● ● ●● ● ●●●● ● ● ● ●●● ● ● ● ● ● ●● ● ● ● ●● ● ●
● ● ● ● ●● ● ● ● ● ● ●●●● ●● ● ● ● ● ●● ● ● ● ●● ●● ●●● ● ● ● ●● ● ●●●● ●●●●●●●●● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●● ● ● ●● ● ● ● ●●●● ● ● ●● ● ●● ●●● ● ● ● ● ● ● ● ● ● ●

● ● ● ● ●● ● ●●● ● ● ●● ● ● ● ●●● ● ●● ●●●●● ●● ●● ●● ●●●● ●● ●●●●●●●●● ● ●●● ●●● ●●● ●●●●●● ● ●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●●●●●●●●●●● ●●●●●●●●●●● ●● ● ● ● ● ●● ●●● ● ● ● ● ●●● ●● ●●●● ●● ●●● ● ● ●● ● ●● ●●●● ●● ●● ●●● ●●● ● ● ● ● ●
● ● ● ● ● ●● ●●● ● ●● ● ● ● ● ●● ●●●●●●●●●● ● ●●●●●● ● ● ● ● ●● ●●●●●●●● ●●●●●●●●●●●●●●●●●● ●●●●●●●●● ●●●●●●●●● ●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●● ●●●●●● ●●● ●●●● ● ●● ●●●●● ●●●●●● ● ●●●● ●●● ● ●●●● ●●● ●●●● ● ●●●●● ● ●● ● ●●●● ● ● ● ●● ● ● ● ●● ●●●● ● ● ● ● ● ● ● ●

● ● ● ● ●● ● ● ●● ●●● ●● ●●●●● ●●●● ●●● ● ● ●●●●●●●●●●●● ●● ●●● ●●● ●●●●●●●● ● ●●●●●●●●●●●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●●●●●●●●● ● ●●●●●●●●●●●●●●●●● ●●●●●●● ● ●● ● ●●●● ●●● ●●●● ●● ● ● ●●●● ● ● ● ● ● ● ●● ●●● ● ● ● ● ● ● ●
● ● ●● ● ●●● ● ●●●● ● ●●●●● ●●●● ●●●●●●●●●● ●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●● ●●●●● ●●●●●●●●● ●●● ●● ●● ●●●●● ● ●●●● ●●●● ●●● ● ● ● ●●● ●● ● ● ● ● ●●● ●●●● ● ● ● ●● ● ● ●

●● ●● ●● ● ● ●● ●●●●● ● ●●●●● ● ●●●● ●●●●●●● ●●●●●●●●●●● ●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●● ●●●●●●●●●●●●● ●●●●●●●●● ●●●●● ●● ●● ●●● ● ●● ●●● ●●●●●●●●●●●●●●● ● ●●● ● ●●● ● ● ●● ● ● ● ●●●● ● ●●
● ● ● ● ●●●● ● ●●● ● ●●● ● ●●●●●●●●●●● ●●●●●● ●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●● ●● ●●●● ●● ●●●●●●●●●● ●●● ● ● ●●● ●●●● ● ●●● ●●●● ●●●● ●●●●● ●●●● ● ● ●● ●● ●● ● ● ● ●● ● ● ● ● ●●● ●●●● ● ● ●

● ● ● ●● ●● ● ●●●●● ● ●● ● ●●●● ●● ● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●●●●●● ●●●●● ●●●●●● ●●●●● ● ●●●●● ● ●●●● ●●● ● ●●● ●● ● ● ●● ● ● ●● ● ●● ●● ●●● ●● ● ● ● ● ● ● ●
● ● ● ● ●● ● ●●●● ●●● ● ●●● ●●●●● ●●●● ●●●●●●●●●●●●●●●●● ● ●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ●● ●●●●●● ● ●● ●●●● ●●● ●●● ●● ● ●●●● ●● ● ● ●● ● ●● ● ● ●● ●● ● ● ● ● ●● ●

●● ● ●●●● ● ●●●● ●● ● ●●●●● ●●●●●●●●●●●●●●●●●● ●● ●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●● ●●● ●●●●●●●●●●●●●●●● ●●●●●●●● ●●●●● ●●●●●●● ● ●●● ●●●●●●● ●● ●●●● ●●●● ● ● ● ● ● ●● ● ● ●●●● ●● ●● ● ●● ●
●● ● ●● ● ● ●● ●● ●● ●● ● ●● ● ●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●● ●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●● ●●●●●●●●● ●●●●●●●●●●●●●●● ●● ●● ● ●●● ● ● ●●● ●● ●● ●● ● ● ● ●●●● ●●● ●●●● ●●●●● ● ● ●● ● ● ● ●● ●●● ●● ● ● ●● ● ● ● ●
● ● ● ● ● ●● ● ● ● ● ●●●● ● ●●●●●●● ●● ●●●●● ● ●● ●● ● ● ●●●●● ●●●●●●● ●●●●● ●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●● ●●●●●●●●●● ●●●● ●●●●●●●●●●●●● ●● ● ●●●●● ● ● ● ●● ●●●●● ● ●●●● ●● ● ●●●●● ●●● ●● ●●● ●● ●● ● ● ● ● ● ● ●

● ● ● ●●● ●● ● ● ●● ● ● ● ●●● ● ●●●●● ●●●●●● ●●●●● ●●●●●●● ●● ●●●●●● ●●●●●● ●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●● ●●●●●●●● ●●●●● ●●● ● ●●●● ●●●●●●● ● ●● ●● ● ●● ● ●●● ●● ●●●● ● ● ● ● ● ● ● ● ●●●●● ●●●● ● ● ● ● ● ●● ● ●
● ● ● ● ●● ● ●● ● ●●●● ● ●●●●● ●●● ● ●● ●●●● ●●●●●●● ●●●● ●●●●●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●● ●● ●●● ●●●●●●●●● ●●●●● ●● ●●●● ● ●● ● ● ● ●● ●●● ● ●●● ●●● ●● ● ● ●● ● ● ● ● ●● ● ● ● ● ●

● ● ● ● ● ●●● ● ●● ●● ●● ● ●● ●● ● ●●● ● ●●●●●●● ●●● ●●●●● ●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●● ●●●● ●●● ●●●● ●●●●● ●●●● ●● ● ● ●● ●● ●●● ● ●●●● ● ● ● ●● ● ● ● ●● ● ● ●●● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ●●● ● ● ● ● ● ● ● ●● ●●● ●● ● ●● ● ● ● ● ●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●●●●●●●●●● ●●●●●●● ●●●●●●●●●●●●●●● ●●●●●●●●●● ● ● ●●● ●● ●●● ●●●●●●● ●● ● ●●● ●●● ● ● ●● ●●● ●● ● ● ● ● ● ● ● ●● ● ● ● ●● ●● ●● ●

● ● ● ● ● ●● ● ● ● ●●● ● ● ● ●●● ●● ●●●●●● ● ● ●● ●●●●● ● ● ●● ●● ●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●●●●●●●● ●●●● ●●●●●● ●● ●● ●●●● ● ● ●●●●●● ● ●● ●●● ●●● ● ●● ● ● ●●● ●● ● ● ● ● ● ● ● ● ● ●● ●●●● ● ● ●● ●● ● ● ● ● ● ● ● ●
● ● ● ●●● ● ● ● ● ● ●● ● ● ● ● ●● ●●● ● ●●●● ●● ● ● ● ●●● ●●● ●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●●●●●●● ●●●●● ● ●●●●●●●●● ● ●●● ●● ●●● ● ● ●● ●●●●●●● ● ●●● ● ●● ●●● ● ●●● ● ● ●● ● ●● ● ● ● ● ●● ● ● ●●● ● ● ●

● ● ● ● ●● ● ● ● ●● ● ●● ● ● ● ● ● ● ●● ●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●● ●●●●●●● ●●●●●● ●● ●●● ●●●●●●● ●●●●●●●●●● ●●● ●●●● ●●●●● ● ●●●● ● ●● ●●●● ●●● ●●●●● ●● ● ● ● ● ● ●● ●● ● ● ●●● ●● ●● ● ●● ●
● ● ● ● ●● ● ● ●● ● ● ● ●● ●●●● ● ● ●●● ●● ● ● ●●●●●● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●●●●● ●●●●●●●●●● ●●●●●●●●●● ●● ●●● ●●●●● ●● ● ●●● ●● ●● ●●●● ● ● ● ● ●● ●●● ● ●● ●●● ● ●● ● ● ● ● ● ● ● ● ● ●● ● ● ●

● ● ● ● ●●● ● ● ● ● ● ● ●● ●●● ●●● ●●●●●●●●●●●●●●●●●●● ●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●● ●● ●●●●●●● ●●● ● ●●●●●●● ●● ●●● ●●●●●● ●● ●●●● ●●● ●● ● ● ●●● ● ● ● ●●●●● ● ●●●● ● ●● ● ●● ●● ●●●●●● ●● ●
● ● ● ● ● ●● ● ●● ● ●●●●● ●● ● ●●●●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●●●●● ●●●●●● ● ●●●●●●●● ● ●●● ● ●● ●●●● ● ● ● ● ●● ● ●●●● ● ●● ●● ●● ● ● ●● ● ●● ● ● ● ●

● ● ● ● ● ● ● ● ● ● ●●●● ●●●● ●●● ●●●●●●● ●●●●●●● ●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●● ● ●●● ●●●●● ●●●●● ●● ●● ●●●●●●● ● ● ● ● ●● ● ●●● ● ● ● ● ● ● ● ●● ● ● ● ●●● ● ● ●● ● ● ● ● ● ● ●● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ●●●● ● ●● ● ● ●● ● ● ●●●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●● ●●●●● ●●●●● ● ● ●●●●● ● ● ● ●●●● ●● ● ● ● ● ● ● ●●● ●●● ● ●●●● ● ● ● ● ● ●● ● ●● ● ● ● ● ●● ●● ● ●

● ● ● ● ● ● ●● ● ● ● ● ● ● ● ●● ●●●●●●●● ●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●● ●●●●●●●● ●●●●●● ●● ●● ● ●●●●●● ●● ●●● ●● ●● ● ● ● ● ● ● ●● ● ● ● ● ●● ●● ● ● ● ●● ●●● ● ● ● ●● ● ●
● ● ● ● ●● ●● ●● ● ●●●● ●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●● ●●●●●● ● ● ●●● ● ● ●● ●● ● ●● ● ●●● ●● ● ● ● ● ●●● ● ● ● ● ● ● ● ●● ● ● ● ● ● ●

● ● ●●● ● ● ● ●● ● ●●●●● ●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●●● ● ● ●●●● ●● ●● ● ●●● ● ● ● ● ● ●●● ● ● ● ●● ●●● ● ● ●●●● ●●● ● ● ● ●●●
● ● ●● ● ● ● ● ● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●● ●● ● ●● ● ●● ● ● ●●● ● ● ● ● ●●● ● ● ● ● ● ● ●● ● ● ● ● ● ● ● ● ● ● ● ●● ● ● ●

● ● ● ● ●● ●● ●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●● ●●● ●●●● ● ●● ● ●● ● ● ● ● ● ● ● ● ●● ● ●● ● ● ● ● ●●● ● ●● ● ● ● ● ●
● ● ●● ●●● ● ● ●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●● ●●●●● ● ●● ● ●● ●● ● ● ● ● ● ●●● ● ● ● ● ● ● ●● ●● ●● ● ● ● ● ●

● ● ● ● ● ● ● ● ● ●●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●●●●● ● ●● ● ● ●● ●● ●● ●● ● ● ● ● ● ● ● ●● ● ● ● ● ● ● ●● ●●
● ● ● ● ● ●● ● ● ●●● ● ●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●● ● ●● ●● ● ● ● ●●● ● ●● ● ● ●●● ● ● ● ●● ● ● ● ● ● ●

● ● ● ● ● ●● ●●●●●●● ●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●● ●● ●●●● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●● ● ● ●
● ●● ● ●●●●● ●●●●●● ●●●●●●●●●●●●● ●● ●●●●●● ●●●●●●● ● ● ● ● ●● ● ● ●●● ● ● ● ● ● ● ● ● ● ● ● ●

● ● ● ● ● ●● ● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●● ● ● ● ● ●● ● ● ● ●● ● ● ● ● ● ● ● ● ● ● ●
●● ● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●● ●● ● ● ●● ● ●●● ●● ● ● ● ● ● ● ● ●

● ● ●● ● ●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●● ●● ● ●●●●●● ●●● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ●● ● ●● ● ● ● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●● ●● ●● ●● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●

● ● ● ●● ●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●● ●●●● ● ● ● ●● ● ● ● ● ● ● ● ● ●● ● ●● ● ● ● ● ● ● ●●
● ● ● ● ● ● ● ● ●● ●● ● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ● ●● ● ● ●● ● ● ● ● ●● ● ● ● ●● ●● ● ● ● ● ● ● ● ● ●●●

● ● ● ● ● ● ●● ●●● ●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ● ●● ●●● ● ● ●● ● ● ● ● ●● ● ● ● ●● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ●●● ●●● ●●●●●● ● ●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●● ● ●●●●● ● ●●● ●● ●● ●● ● ● ● ● ●● ● ● ●● ● ● ● ● ● ●

● ● ● ●● ● ●●●● ●●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●● ● ● ● ●● ● ● ●● ●● ● ● ● ● ● ●●● ● ● ● ● ● ●● ●●● ● ● ●
● ●● ● ●● ● ●● ●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●● ●●●●●●●●●●●● ●● ● ●●●● ● ● ●● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ●●●● ●● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●●●●●●●●● ● ● ●●●●● ● ● ●● ● ●● ● ● ● ● ● ● ● ● ● ● ● ● ●● ● ● ● ●

● ●●● ● ● ● ● ● ● ●● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ●●● ●●●● ● ●●●● ● ● ● ● ● ● ● ●● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ●● ● ● ●●●● ●●● ●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ● ●●● ●● ●●●●●●●●●● ● ●●● ● ● ● ● ● ● ● ● ● ● ● ● ● ●

● ● ● ●●● ● ● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●● ● ●●● ●●●●● ● ● ● ●●● ●● ● ● ● ● ● ●● ● ●●● ● ●●● ● ●
● ●● ● ● ● ● ● ●● ●● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ● ● ● ● ● ●●● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●

● ● ● ● ● ● ● ●●●●● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●● ●● ●●● ●●● ● ●●● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ●● ●●● ●● ●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●● ●● ● ●●●●●● ● ●● ● ● ● ● ● ● ● ●● ● ● ● ● ● ● ●●● ● ● ● ● ● ●

● ● ● ●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●●●●● ● ●●●●●● ●●● ● ● ●●● ● ● ● ● ● ● ● ● ● ●
● ●● ●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●● ●●●● ●●●●● ● ● ● ●● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●

● ● ● ●● ● ● ● ● ● ●●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ● ●● ● ● ●●●● ●●● ●● ● ● ●● ● ● ● ●
● ● ● ●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●● ●●●●● ●● ●● ●●● ● ●● ● ● ● ● ● ● ● ● ● ● ● ● ● ●

● ● ● ●●●● ●● ●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ● ●●●●● ●●● ● ●● ● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ●● ● ● ●●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ●●●●● ● ● ● ●●●●● ● ●●●● ● ● ● ● ● ● ● ● ● ●

● ● ● ● ● ● ●● ●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●●●●●●●●● ● ●●● ●●● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ●●● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ●●●● ● ● ● ● ●●●● ● ● ● ● ● ● ●● ● ● ● ●

● ● ●● ● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●●●● ● ●● ● ●●●● ● ● ● ● ● ●● ● ● ● ● ● ● ●
● ● ●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ● ●●● ●●●● ● ● ● ● ●●● ● ● ● ● ● ● ● ●● ● ●

● ● ● ●●● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ● ● ● ●●● ● ● ● ● ● ●●
● ● ●● ●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ● ● ● ●● ● ● ● ● ● ● ● ● ● ● ●

● ●● ●● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●●● ●●●●● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ●● ●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ● ●●●● ●● ●● ● ● ● ● ● ● ● ●

● ● ● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●● ● ●● ● ● ● ● ● ● ● ●
●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●● ● ● ● ● ● ● ● ● ● ● ● ● ●

● ● ● ●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●● ●●●●●●● ● ● ● ● ● ● ● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ● ● ● ● ● ● ● ●

● ● ● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●● ●● ● ● ●● ●●● ● ● ● ● ● ●
● ● ● ●● ●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●● ●● ● ● ● ● ● ●

● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●● ●● ● ● ● ●● ● ● ● ● ● ● ●
● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ●● ●● ● ● ● ● ● ● ● ● ●

● ● ●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ● ● ●● ● ● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●● ●●●●● ● ● ● ● ● ● ● ●

● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ● ●● ● ● ● ● ● ● ●
● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●● ● ● ● ● ● ● ● ●

● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ● ● ●● ● ●
● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●● ● ● ● ● ● ● ●

●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●● ●● ●●●●● ● ● ● ● ● ●
● ● ● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●● ● ● ● ● ● ● ● ● ● ● ● ●
● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ● ● ●● ● ● ●

● ● ● ●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●● ● ● ● ●● ● ● ● ● ● ● ●
●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●● ● ● ● ● ● ● ● ● ● ● ● ● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●● ● ● ● ● ● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●● ●● ● ●● ● ● ● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ●
● ● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ●● ●● ● ● ● ● ● ● ● ● ●

● ● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ●● ● ● ● ● ●
● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●● ● ● ● ● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ● ● ● ● ● ● ●● ● ● ● ●● ● ●

● ● ●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ●
●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●● ● ●● ● ● ● ●

● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ●● ● ● ● ● ● ● ● ●
● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●● ● ● ● ●● ● ● ●

● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●●● ● ● ● ●
● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ●●● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●● ● ● ●● ● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ●●● ● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ● ● ●● ● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ● ● ● ● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●● ● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●
●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ●
●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ●

● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ● ● ● ●
● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●

● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ● ● ● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●● ● ● ●
● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●● ● ●

●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●●● ● ● ● ● ● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ● ●●● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ● ● ●● ● ● ● ● ● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ●

●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●● ● ● ● ● ●
●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ● ●● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ● ● ● ● ●● ● ● ● ● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●●● ● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ●● ● ● ●● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ●● ●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ●● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●● ●●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●● ● ● ● ●
●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●● ● ● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●

● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●● ● ● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●● ● ●

● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●
●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●● ● ● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●
●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●● ● ● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●

●●●●●●●●●●●●●●●●●●●●●●●●●● ●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●
● ●●●●●●●●●●●●●●●●●●●●●●●● ●● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●● ●

●●●●●●●●●●●●●●●●●●●●●●● ●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●
● ●●●●●●●●●●●●●●●●●●●●●●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ● ● ●

●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ●
● ●●●●●●●●●●●●●●●●●●●●●●●●●● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●
●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●● ● ●
●●●●●●●●●●●●●●●●●●●●●●● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●● ●

●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●●● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●●●●● ● ●

● ●●●●●●●●●●●●●●●●●●●●●●●
● ●●●●●●●●●●●●●●●●●●●●●● ●

●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●● ●

● ●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●●●

● ●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●

●● ●●●●●●●●●●●●●●●●●●●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●● ●● ●
●●●●●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●● ● ●
●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●● ●●

● ● ●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●● ●● ●
●●●●●●●●●●●●●●●●●●●●●●● ● ●

●●●●●●●●●●●●●●●●●●●●●●●● ● ●
●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●● ●

● ●●●●●●●●●●●●●●●●●●●●● ● ● ●
●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●● ● ●
●●●●●●●●●●●●●●●●●●●●● ● ● ●

● ●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●● ●

50

100

150

0 50 100 150
time [ns]

F
i
l
t
e
r
e
d
 
P
e
a
k
 
[
a
.
u
.
]

50

100

150

Counts:

●

●

●

●

●
●

20

40

60

80

50 100 150 200 250 300
Temperature [K]

P
o
w
e
r
 
[
m
W
]

Supply:
● 3 V

4 V

5 V

Readout electronics is based 
on an operational amplifier, 
model  LMH6629  from  Texas 
Instruments,  configured  to 
work  as  a  transimpedance 
amplifier  (TIA)  with  low 
noise and high speed. The TIA 
has been fully characterized 
at cryogenic temperature [3]. 
The  chosen  configuration 
guarantees  a  high  bandwidth 
(in excess of 60 MHz at 80 K 
with  a  10x10  mm2  SiPM), 
necessary  to  maintain  the 
fast peak of the SiPM pulses. 
The power consumption at 80 K 
and supply voltage of 4 V is  
~40 mW. 
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PDE Requirement

The Darkside-20k experiment will use Silicon PhotoMultipliers as sensitive detectors. After a long and successful R&D, excellent 
results have been obtained, fully matching the specifications required by a background-free 20t liquid argon experiment for direct WIMP 
search. Darkside-20k foresees to use more than 125,000 SiPMs, grouped in 5210, 25 cm2 tiles. A clever cold electronics has been 
developed to read out this large SiPM area to reduce the number of channels while keeping the SNR above the minimum required. The Photo 
Detector Module (PDM) is the Darkside basic unit. It is made of a SiPM tile, a Front End Board (FEB) and an acrylic mechanical 
structure. Preliminary results on the first produced PDM indicate a sensitivity to the single photoelectron and an outstanding 
performance in terms of Signal-to-Noise ratio (SNR).

The  PDM  is  the  silicon-based  equivalent  of  the 
PMT. In each PDM, 24 SiPMs (a tile) of size 1 cm2 
are read out as a single analog channel. The PDM 
integrates the tile and a specifically developed 
cryogenic electronics into a plastic cage. To be 
used  in  DarkSide-20k,  the  PDM  must  satisfy  a 
stringent set of requirements, according to the 
experiment  goals,  for  which  an  intense  R&D  has 
been carried out by the collaboration. 

single dose
double dose
triple dose

Solid lines: 300 K
Dashed lines: 77 K

SiPMs

Readout strategy

A  matched  filter,  obtained  by 
cross-convoluting the waveforms for 
the signal template,  is applied to 
the  raw  waveforms.   The  matched 
filter returns a symmetric waveform 
around  the  peak,  giving  a  better 
identification of the timing.
An online FPGA based implementation 
of  the  matched  filter  was 
successfully tested.

PDM performance

Best SNR is obtained on the amplitude of 
the filtered waveform [4]. At 77 K and 5 
VOV  for  NUV-HD-LF  devices  with  standard 
doping levels:
• SNR = 13
• σ1PE = 9% μ1PE
• Timing resolution 1PE = 16 ns
• Power dissipation: ~170 mW
• Dynamic range: > 100 PE

Preliminary  results  at  77  K  and  8  VOV  
obtained  with  NUV-HD-LF  +  triple  dose 
SiPMs show SNR = 24 and timing resolution 
of 3.5 ns.

The  tile  is  divided  in  four 
quadrants  of  6  cm2,  each  with 
three  branches  of  two  SiPMs  in 
series,  read  with  a  TIA. 
Bandwidth  is  30  MHz  at   77  K, 
enough to preserve the fast peak. 
Quadrants  are  summed  with  an 
active adder to obtain a 24 cm2 
single analog channel [4].

PDM Requirements

• Dark Count Rate (DCR) < 0.1 Hz/mm2  to 
keep  Pulse  Shape  Discrimination  (PSD) 
effective.

• Total  Correlated  Noise  Probability 
(TCNP) < 60% for energy reconstruction 
of S2 signals.

• Photon Detection Efficiency (PDE) of a 
PDM  >  40%.  Considering  a  dead  space 
between SiPMs of 0.5 mm, the PDE of a 
SiPM is required to be > 45%.

• SNR  >  7  to  maintain  high  detection 
efficiency and avoid fake triggers.

• Timing  resolution  of  O(10  ns)  to  keep 
PSD effective.

• Dynamic  range  >  50  PE  for  energy 
reconstruction of S2 signals.

• Power consumption < 250 mW to avoid LAr 
bubbling.

• Radiopurity  at  fraction  of  mBq  (238U  + 
232Th) level.

DarkSide-20k The PhotoDetector Module

DarkSide-20k is a Liquid Argon Time Projection 
Chamber aiming at the discovery of WIMP dark 
matter.  The  scintillation  light  produced  by 
interactions  in  the  active  volume  will  be 
detected by 5210 25 cm2 PDMs on the top and 
bottom  planes  of  the  detector,  covering  a 
total area of 14 m2. The PDMs are sensitive at 
the level of single photon, they work at LAr 
temperature and have an area of 25 cm2.
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A SiPM based cryogenic Photo Detector Module for dark 
matter searches

Andrea Mandarano (GSSI, LNGS) on behalf of the DarkSide-20k collaboration

Strong collaboration with FBK 
allowed many SiPM variants to 
be  tested  [1,2].  NUV-HD  Low 
Field technology shows a DCR < 
10  mHz/mm2 at LAr temperature 
and  TCNP  well  within  the 
required limits. PDE is peaked 
at 420 nm and is above 50% at 
5 V of over-voltage.
FBK  also  developed  a  NUV-HD 
variant with increased doping 
levels  that  shows  reduced 
afterpulse  and  allows 
operation  at  up  to  14  V  of 
over-voltage  at  80  K, 
resulting  in  extended  gain. 
The  DCR  is  compatible  to   
NUV-HD Standard Field devices.

Low Field and triple dose technologies were combined in a new R&D run of NUV-HD SiPMs. 
Characterization of these devices at cryogenic temperature is currently ongoing.
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Readout electronics is based 
on an operational amplifier, 
model  LMH6629  from  Texas 
Instruments,  configured  to 
work  as  a  transimpedance 
amplifier  (TIA)  with  low 
noise and high speed. The TIA 
has been fully characterized 
at cryogenic temperature [3]. 
The  chosen  configuration 
guarantees  a  high  bandwidth 
(in excess of 60 MHz at 80 K 
with  a  10x10  mm2  SiPM), 
necessary  to  maintain  the 
fast peak of the SiPM pulses. 
The power consumption at 80 K 
and supply voltage of 4 V is  
~40 mW. 
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PDE Requirement

The Darkside-20k experiment will use Silicon PhotoMultipliers as sensitive detectors. After a long and successful R&D, excellent 
results have been obtained, fully matching the specifications required by a background-free 20t liquid argon experiment for direct WIMP 
search. Darkside-20k foresees to use more than 125,000 SiPMs, grouped in 5210, 25 cm2 tiles. A clever cold electronics has been 
developed to read out this large SiPM area to reduce the number of channels while keeping the SNR above the minimum required. The Photo 
Detector Module (PDM) is the Darkside basic unit. It is made of a SiPM tile, a Front End Board (FEB) and an acrylic mechanical 
structure. Preliminary results on the first produced PDM indicate a sensitivity to the single photoelectron and an outstanding 
performance in terms of Signal-to-Noise ratio (SNR).

The  PDM  is  the  silicon-based  equivalent  of  the 
PMT. In each PDM, 24 SiPMs (a tile) of size 1 cm2 
are read out as a single analog channel. The PDM 
integrates the tile and a specifically developed 
cryogenic electronics into a plastic cage. To be 
used  in  DarkSide-20k,  the  PDM  must  satisfy  a 
stringent set of requirements, according to the 
experiment  goals,  for  which  an  intense  R&D  has 
been carried out by the collaboration. 

single dose
double dose
triple dose

Solid lines: 300 K
Dashed lines: 77 K

SiPMs

Readout strategy

A  matched  filter,  obtained  by 
cross-convoluting the waveforms for 
the signal template,  is applied to 
the  raw  waveforms.   The  matched 
filter returns a symmetric waveform 
around  the  peak,  giving  a  better 
identification of the timing.
An online FPGA based implementation 
of  the  matched  filter  was 
successfully tested.

PDM performance

Best SNR is obtained on the amplitude of 
the filtered waveform [4]. At 77 K and 5 
VOV  for  NUV-HD-LF  devices  with  standard 
doping levels:
• SNR = 13
• σ1PE = 9% μ1PE
• Timing resolution 1PE = 16 ns
• Power dissipation: ~170 mW
• Dynamic range: > 100 PE

Preliminary  results  at  77  K  and  8  VOV  
obtained  with  NUV-HD-LF  +  triple  dose 
SiPMs show SNR = 24 and timing resolution 
of 3.5 ns.

The  tile  is  divided  in  four 
quadrants  of  6  cm2,  each  with 
three  branches  of  two  SiPMs  in 
series,  read  with  a  TIA. 
Bandwidth  is  30  MHz  at   77  K, 
enough to preserve the fast peak. 
Quadrants  are  summed  with  an 
active adder to obtain a 24 cm2 
single analog channel [4].

PDM Requirements

• Dark Count Rate (DCR) < 0.1 Hz/mm2  to 
keep  Pulse  Shape  Discrimination  (PSD) 
effective.

• Total  Correlated  Noise  Probability 
(TCNP) < 60% for energy reconstruction 
of S2 signals.

• Photon Detection Efficiency (PDE) of a 
PDM  >  40%.  Considering  a  dead  space 
between SiPMs of 0.5 mm, the PDE of a 
SiPM is required to be > 45%.

• SNR  >  7  to  maintain  high  detection 
efficiency and avoid fake triggers.

• Timing  resolution  of  O(10  ns)  to  keep 
PSD effective.

• Dynamic  range  >  50  PE  for  energy 
reconstruction of S2 signals.

• Power consumption < 250 mW to avoid LAr 
bubbling.

• Radiopurity  at  fraction  of  mBq  (238U  + 
232Th) level.

DarkSide-20k The PhotoDetector Module

DarkSide-20k is a Liquid Argon Time Projection 
Chamber aiming at the discovery of WIMP dark 
matter.  The  scintillation  light  produced  by 
interactions  in  the  active  volume  will  be 
detected by 5210 25 cm2 PDMs on the top and 
bottom  planes  of  the  detector,  covering  a 
total area of 14 m2. The PDMs are sensitive at 
the level of single photon, they work at LAr 
temperature and have an area of 25 cm2.
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• Ganging: passive+active 
• Passive 

• 1cm2→6cm2 
• 3 parallel branches of 2 SiPMs in 

series (2s3p) 

• Active 
• 6cm2→24cm2 
• Cryogenic trans-impedance amplifier

 6

DarkSide-20k Ganging

Summing: from 6cm2 to 24cm2

Power budget: 40mW x 4TIAs + 8mW x 1diff. transmitter 

= 168mW per 24cm2 PDM (max allowed is 250mW/PDM)

• The noise injected by the summing stage is negligible. 

• The summing chip introduces a further x8 amplification. 
• Final Dynamic Range: 80-100 PE
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A SiPM based cryogenic Photo Detector Module for dark 
matter searches

Andrea Mandarano (GSSI, LNGS) on behalf of the DarkSide-20k collaboration

Strong collaboration with FBK 
allowed many SiPM variants to 
be  tested  [1,2].  NUV-HD  Low 
Field technology shows a DCR < 
10  mHz/mm2 at LAr temperature 
and  TCNP  well  within  the 
required limits. PDE is peaked 
at 420 nm and is above 50% at 
5 V of over-voltage.
FBK  also  developed  a  NUV-HD 
variant with increased doping 
levels  that  shows  reduced 
afterpulse  and  allows 
operation  at  up  to  14  V  of 
over-voltage  at  80  K, 
resulting  in  extended  gain. 
The  DCR  is  compatible  to   
NUV-HD Standard Field devices.

Low Field and triple dose technologies were combined in a new R&D run of NUV-HD SiPMs. 
Characterization of these devices at cryogenic temperature is currently ongoing.
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Readout electronics is based 
on an operational amplifier, 
model  LMH6629  from  Texas 
Instruments,  configured  to 
work  as  a  transimpedance 
amplifier  (TIA)  with  low 
noise and high speed. The TIA 
has been fully characterized 
at cryogenic temperature [3]. 
The  chosen  configuration 
guarantees  a  high  bandwidth 
(in excess of 60 MHz at 80 K 
with  a  10x10  mm2  SiPM), 
necessary  to  maintain  the 
fast peak of the SiPM pulses. 
The power consumption at 80 K 
and supply voltage of 4 V is  
~40 mW. 
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PDE Requirement

The Darkside-20k experiment will use Silicon PhotoMultipliers as sensitive detectors. After a long and successful R&D, excellent 
results have been obtained, fully matching the specifications required by a background-free 20t liquid argon experiment for direct WIMP 
search. Darkside-20k foresees to use more than 125,000 SiPMs, grouped in 5210, 25 cm2 tiles. A clever cold electronics has been 
developed to read out this large SiPM area to reduce the number of channels while keeping the SNR above the minimum required. The Photo 
Detector Module (PDM) is the Darkside basic unit. It is made of a SiPM tile, a Front End Board (FEB) and an acrylic mechanical 
structure. Preliminary results on the first produced PDM indicate a sensitivity to the single photoelectron and an outstanding 
performance in terms of Signal-to-Noise ratio (SNR).

The  PDM  is  the  silicon-based  equivalent  of  the 
PMT. In each PDM, 24 SiPMs (a tile) of size 1 cm2 
are read out as a single analog channel. The PDM 
integrates the tile and a specifically developed 
cryogenic electronics into a plastic cage. To be 
used  in  DarkSide-20k,  the  PDM  must  satisfy  a 
stringent set of requirements, according to the 
experiment  goals,  for  which  an  intense  R&D  has 
been carried out by the collaboration. 

single dose
double dose
triple dose

Solid lines: 300 K
Dashed lines: 77 K

SiPMs

Readout strategy

A  matched  filter,  obtained  by 
cross-convoluting the waveforms for 
the signal template,  is applied to 
the  raw  waveforms.   The  matched 
filter returns a symmetric waveform 
around  the  peak,  giving  a  better 
identification of the timing.
An online FPGA based implementation 
of  the  matched  filter  was 
successfully tested.

PDM performance

Best SNR is obtained on the amplitude of 
the filtered waveform [4]. At 77 K and 5 
VOV  for  NUV-HD-LF  devices  with  standard 
doping levels:
• SNR = 13
• σ1PE = 9% μ1PE
• Timing resolution 1PE = 16 ns
• Power dissipation: ~170 mW
• Dynamic range: > 100 PE

Preliminary  results  at  77  K  and  8  VOV  
obtained  with  NUV-HD-LF  +  triple  dose 
SiPMs show SNR = 24 and timing resolution 
of 3.5 ns.

The  tile  is  divided  in  four 
quadrants  of  6  cm2,  each  with 
three  branches  of  two  SiPMs  in 
series,  read  with  a  TIA. 
Bandwidth  is  30  MHz  at   77  K, 
enough to preserve the fast peak. 
Quadrants  are  summed  with  an 
active adder to obtain a 24 cm2 
single analog channel [4].

PDM Requirements

• Dark Count Rate (DCR) < 0.1 Hz/mm2  to 
keep  Pulse  Shape  Discrimination  (PSD) 
effective.

• Total  Correlated  Noise  Probability 
(TCNP) < 60% for energy reconstruction 
of S2 signals.

• Photon Detection Efficiency (PDE) of a 
PDM  >  40%.  Considering  a  dead  space 
between SiPMs of 0.5 mm, the PDE of a 
SiPM is required to be > 45%.

• SNR  >  7  to  maintain  high  detection 
efficiency and avoid fake triggers.

• Timing  resolution  of  O(10  ns)  to  keep 
PSD effective.

• Dynamic  range  >  50  PE  for  energy 
reconstruction of S2 signals.

• Power consumption < 250 mW to avoid LAr 
bubbling.

• Radiopurity  at  fraction  of  mBq  (238U  + 
232Th) level.

DarkSide-20k The PhotoDetector Module

DarkSide-20k is a Liquid Argon Time Projection 
Chamber aiming at the discovery of WIMP dark 
matter.  The  scintillation  light  produced  by 
interactions  in  the  active  volume  will  be 
detected by 5210 25 cm2 PDMs on the top and 
bottom  planes  of  the  detector,  covering  a 
total area of 14 m2. The PDMs are sensitive at 
the level of single photon, they work at LAr 
temperature and have an area of 25 cm2.
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• Cryogenic pre-amplifier 
• Fast trans-impedance amplifier 
• High bandwidth and low noise at cryogenic temperature 
• 60 MHz at 80K with SiPM of 10×10mm2 

• Power consumption: ~40mW
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DarkSide-20k Cryogenic Amplifier
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A SiPM based cryogenic Photo Detector Module for dark 
matter searches

Andrea Mandarano (GSSI, LNGS) on behalf of the DarkSide-20k collaboration

Strong collaboration with FBK 
allowed many SiPM variants to 
be  tested  [1,2].  NUV-HD  Low 
Field technology shows a DCR < 
10  mHz/mm2 at LAr temperature 
and  TCNP  well  within  the 
required limits. PDE is peaked 
at 420 nm and is above 50% at 
5 V of over-voltage.
FBK  also  developed  a  NUV-HD 
variant with increased doping 
levels  that  shows  reduced 
afterpulse  and  allows 
operation  at  up  to  14  V  of 
over-voltage  at  80  K, 
resulting  in  extended  gain. 
The  DCR  is  compatible  to   
NUV-HD Standard Field devices.

Low Field and triple dose technologies were combined in a new R&D run of NUV-HD SiPMs. 
Characterization of these devices at cryogenic temperature is currently ongoing.
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Readout electronics is based 
on an operational amplifier, 
model  LMH6629  from  Texas 
Instruments,  configured  to 
work  as  a  transimpedance 
amplifier  (TIA)  with  low 
noise and high speed. The TIA 
has been fully characterized 
at cryogenic temperature [3]. 
The  chosen  configuration 
guarantees  a  high  bandwidth 
(in excess of 60 MHz at 80 K 
with  a  10x10  mm2  SiPM), 
necessary  to  maintain  the 
fast peak of the SiPM pulses. 
The power consumption at 80 K 
and supply voltage of 4 V is  
~40 mW. 
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PDE Requirement

The Darkside-20k experiment will use Silicon PhotoMultipliers as sensitive detectors. After a long and successful R&D, excellent 
results have been obtained, fully matching the specifications required by a background-free 20t liquid argon experiment for direct WIMP 
search. Darkside-20k foresees to use more than 125,000 SiPMs, grouped in 5210, 25 cm2 tiles. A clever cold electronics has been 
developed to read out this large SiPM area to reduce the number of channels while keeping the SNR above the minimum required. The Photo 
Detector Module (PDM) is the Darkside basic unit. It is made of a SiPM tile, a Front End Board (FEB) and an acrylic mechanical 
structure. Preliminary results on the first produced PDM indicate a sensitivity to the single photoelectron and an outstanding 
performance in terms of Signal-to-Noise ratio (SNR).

The  PDM  is  the  silicon-based  equivalent  of  the 
PMT. In each PDM, 24 SiPMs (a tile) of size 1 cm2 
are read out as a single analog channel. The PDM 
integrates the tile and a specifically developed 
cryogenic electronics into a plastic cage. To be 
used  in  DarkSide-20k,  the  PDM  must  satisfy  a 
stringent set of requirements, according to the 
experiment  goals,  for  which  an  intense  R&D  has 
been carried out by the collaboration. 

single dose
double dose
triple dose

Solid lines: 300 K
Dashed lines: 77 K

SiPMs

Readout strategy

A  matched  filter,  obtained  by 
cross-convoluting the waveforms for 
the signal template,  is applied to 
the  raw  waveforms.   The  matched 
filter returns a symmetric waveform 
around  the  peak,  giving  a  better 
identification of the timing.
An online FPGA based implementation 
of  the  matched  filter  was 
successfully tested.

PDM performance

Best SNR is obtained on the amplitude of 
the filtered waveform [4]. At 77 K and 5 
VOV  for  NUV-HD-LF  devices  with  standard 
doping levels:
• SNR = 13
• σ1PE = 9% μ1PE
• Timing resolution 1PE = 16 ns
• Power dissipation: ~170 mW
• Dynamic range: > 100 PE

Preliminary  results  at  77  K  and  8  VOV  
obtained  with  NUV-HD-LF  +  triple  dose 
SiPMs show SNR = 24 and timing resolution 
of 3.5 ns.

The  tile  is  divided  in  four 
quadrants  of  6  cm2,  each  with 
three  branches  of  two  SiPMs  in 
series,  read  with  a  TIA. 
Bandwidth  is  30  MHz  at   77  K, 
enough to preserve the fast peak. 
Quadrants  are  summed  with  an 
active adder to obtain a 24 cm2 
single analog channel [4].

PDM Requirements

• Dark Count Rate (DCR) < 0.1 Hz/mm2  to 
keep  Pulse  Shape  Discrimination  (PSD) 
effective.

• Total  Correlated  Noise  Probability 
(TCNP) < 60% for energy reconstruction 
of S2 signals.

• Photon Detection Efficiency (PDE) of a 
PDM  >  40%.  Considering  a  dead  space 
between SiPMs of 0.5 mm, the PDE of a 
SiPM is required to be > 45%.

• SNR  >  7  to  maintain  high  detection 
efficiency and avoid fake triggers.

• Timing  resolution  of  O(10  ns)  to  keep 
PSD effective.

• Dynamic  range  >  50  PE  for  energy 
reconstruction of S2 signals.

• Power consumption < 250 mW to avoid LAr 
bubbling.

• Radiopurity  at  fraction  of  mBq  (238U  + 
232Th) level.

DarkSide-20k The PhotoDetector Module

DarkSide-20k is a Liquid Argon Time Projection 
Chamber aiming at the discovery of WIMP dark 
matter.  The  scintillation  light  produced  by 
interactions  in  the  active  volume  will  be 
detected by 5210 25 cm2 PDMs on the top and 
bottom  planes  of  the  detector,  covering  a 
total area of 14 m2. The PDMs are sensitive at 
the level of single photon, they work at LAr 
temperature and have an area of 25 cm2.
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A SiPM based cryogenic Photo Detector Module for dark 
matter searches

Andrea Mandarano (GSSI, LNGS) on behalf of the DarkSide-20k collaboration

Strong collaboration with FBK 
allowed many SiPM variants to 
be  tested  [1,2].  NUV-HD  Low 
Field technology shows a DCR < 
10  mHz/mm2 at LAr temperature 
and  TCNP  well  within  the 
required limits. PDE is peaked 
at 420 nm and is above 50% at 
5 V of over-voltage.
FBK  also  developed  a  NUV-HD 
variant with increased doping 
levels  that  shows  reduced 
afterpulse  and  allows 
operation  at  up  to  14  V  of 
over-voltage  at  80  K, 
resulting  in  extended  gain. 
The  DCR  is  compatible  to   
NUV-HD Standard Field devices.

Low Field and triple dose technologies were combined in a new R&D run of NUV-HD SiPMs. 
Characterization of these devices at cryogenic temperature is currently ongoing.
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Readout electronics is based 
on an operational amplifier, 
model  LMH6629  from  Texas 
Instruments,  configured  to 
work  as  a  transimpedance 
amplifier  (TIA)  with  low 
noise and high speed. The TIA 
has been fully characterized 
at cryogenic temperature [3]. 
The  chosen  configuration 
guarantees  a  high  bandwidth 
(in excess of 60 MHz at 80 K 
with  a  10x10  mm2  SiPM), 
necessary  to  maintain  the 
fast peak of the SiPM pulses. 
The power consumption at 80 K 
and supply voltage of 4 V is  
~40 mW. 
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PDE Requirement

The Darkside-20k experiment will use Silicon PhotoMultipliers as sensitive detectors. After a long and successful R&D, excellent 
results have been obtained, fully matching the specifications required by a background-free 20t liquid argon experiment for direct WIMP 
search. Darkside-20k foresees to use more than 125,000 SiPMs, grouped in 5210, 25 cm2 tiles. A clever cold electronics has been 
developed to read out this large SiPM area to reduce the number of channels while keeping the SNR above the minimum required. The Photo 
Detector Module (PDM) is the Darkside basic unit. It is made of a SiPM tile, a Front End Board (FEB) and an acrylic mechanical 
structure. Preliminary results on the first produced PDM indicate a sensitivity to the single photoelectron and an outstanding 
performance in terms of Signal-to-Noise ratio (SNR).

The  PDM  is  the  silicon-based  equivalent  of  the 
PMT. In each PDM, 24 SiPMs (a tile) of size 1 cm2 
are read out as a single analog channel. The PDM 
integrates the tile and a specifically developed 
cryogenic electronics into a plastic cage. To be 
used  in  DarkSide-20k,  the  PDM  must  satisfy  a 
stringent set of requirements, according to the 
experiment  goals,  for  which  an  intense  R&D  has 
been carried out by the collaboration. 

single dose
double dose
triple dose

Solid lines: 300 K
Dashed lines: 77 K

SiPMs

Readout strategy

A  matched  filter,  obtained  by 
cross-convoluting the waveforms for 
the signal template,  is applied to 
the  raw  waveforms.   The  matched 
filter returns a symmetric waveform 
around  the  peak,  giving  a  better 
identification of the timing.
An online FPGA based implementation 
of  the  matched  filter  was 
successfully tested.

PDM performance

Best SNR is obtained on the amplitude of 
the filtered waveform [4]. At 77 K and 5 
VOV  for  NUV-HD-LF  devices  with  standard 
doping levels:
• SNR = 13
• σ1PE = 9% μ1PE
• Timing resolution 1PE = 16 ns
• Power dissipation: ~170 mW
• Dynamic range: > 100 PE

Preliminary  results  at  77  K  and  8  VOV  
obtained  with  NUV-HD-LF  +  triple  dose 
SiPMs show SNR = 24 and timing resolution 
of 3.5 ns.

The  tile  is  divided  in  four 
quadrants  of  6  cm2,  each  with 
three  branches  of  two  SiPMs  in 
series,  read  with  a  TIA. 
Bandwidth  is  30  MHz  at   77  K, 
enough to preserve the fast peak. 
Quadrants  are  summed  with  an 
active adder to obtain a 24 cm2 
single analog channel [4].

PDM Requirements

• Dark Count Rate (DCR) < 0.1 Hz/mm2  to 
keep  Pulse  Shape  Discrimination  (PSD) 
effective.

• Total  Correlated  Noise  Probability 
(TCNP) < 60% for energy reconstruction 
of S2 signals.

• Photon Detection Efficiency (PDE) of a 
PDM  >  40%.  Considering  a  dead  space 
between SiPMs of 0.5 mm, the PDE of a 
SiPM is required to be > 45%.

• SNR  >  7  to  maintain  high  detection 
efficiency and avoid fake triggers.

• Timing  resolution  of  O(10  ns)  to  keep 
PSD effective.

• Dynamic  range  >  50  PE  for  energy 
reconstruction of S2 signals.

• Power consumption < 250 mW to avoid LAr 
bubbling.

• Radiopurity  at  fraction  of  mBq  (238U  + 
232Th) level.

DarkSide-20k The PhotoDetector Module

DarkSide-20k is a Liquid Argon Time Projection 
Chamber aiming at the discovery of WIMP dark 
matter.  The  scintillation  light  produced  by 
interactions  in  the  active  volume  will  be 
detected by 5210 25 cm2 PDMs on the top and 
bottom  planes  of  the  detector,  covering  a 
total area of 14 m2. The PDMs are sensitive at 
the level of single photon, they work at LAr 
temperature and have an area of 25 cm2.

Bibliography
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W.Ootani, “Overview of Readout Electronics for Cryogenic SiPM Applications”, International Conference on the Advancement of Silicon Photomultipliers

• LXe scintillation light detection by VUV-MPPC 
• Highly granular scintillation readout with 4092 × VUV-MPPCs (139mm2 each) 
• Covering 0.92m2 area with coverage of 62%
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この 15 × 15mm2 のうち 12 × 12mm2 がMPPCの有感領域となるわけだが、これはMPPCにしては
大きな面積である。MPPCの大面積化に伴う欠点は２つある。１つ目はダークノイズレートの増大であ
る。しかし 165K においては常温に比べてダークノイズレートは５桁ほど小さくなるので、我々の用途
では問題とはならない。２つ目の問題は波形の変化である。面積が大きくなるとそれぞれのピクセルと
並列に並ぶ静電容量が大きくなり、波形の時定数が大きくなってしまう。波形の時定数を抑えるために
MPPCを直列接続で読み出す。
研究開発の結果、以上の要件を満たす素子 (我々は K型と呼んでいる)、および K型をもとに 600個量
産したプロトタイプ素子 (S10943-3186(X))が開発された [12]。

プロトタイプ素子
図 3.6に完成したプロトタイプ素子を示す。

6 mm

図 3.6 プロトタイプ素子

ピクセルサイズは 50µmである。素子としての性能を向上するため、アフターパルスの抑制がなされ
ており、またクエンチング抵抗にはポリシリコン抵抗よりも温度係数の小さい金属抵抗を用いている。
この素子では我々の用途に特化したパッケージが採用されている。パッケージのサイズは 15× 15mm2

であり、その上に 6 × 6mm2 のチップが４つ乗っている。それぞれのチップは独立に読み出せるように
なっている。素子は保護のために真空紫外光に透明なクオーツでできた窓で覆われている。クオーツの窓
と素子の間は密封されておらず、液体キセノンが入り込めるような構造をしている。このようなデザイン
を用いると、クオーツの屈折率 (1.60)と液体キセノンの屈折率 (1.64)が十分近いため反射による損失を
抑えることができる。

真空紫外光への感度
この素子の最たる特徴は真空紫外光への感度である。市販のMPPCが真空紫外光に感度がないのはシ
リコン結晶での真空紫外光の減衰長が 5 nm程度と極めて短いため、光子が有感領域に到達できないから
である。そのため有感領域の前に存在する保護層を除去するほか、コンタクトレイヤーを薄くする等の改
良を加えることで、真空紫外光への感度が実現された。キセノンのシンチレーション光に対する PDEを
図 3.7に示す。真空紫外光に対する十分な PDE(> 15%)が確認できている。

が膨大になってしまうことのほかに、ケーブルを通じた熱流入が増えてしまうという問題点もある。

29

Figure 50 PCBs for MPPC mounting. One PCB in the front has
already 22 MPPCs.

Figure 51 Installing PCB strips on the inner wall of the photon en-
trance window.

Figure 52 Cross-sectional view of the structures to fix the MPPCs on
the cryostat wall.

able low energy tail in the energy response function of the1562

detector. Figure 52 illustrates the structures to fix the PCB1563

strips on the CFRP plates as well as to minimise the gap1564

between the strip and the wall/the MPPCs.1565

Four CFRP plates to fix the PCB strips on the cryostat1566

wall are installed directly on the cryostat wall with screws at1567

both ends with di↵erent � positions. Two di↵erent spacers1568

(top spacer and PCB spacer) are installed at both sides of1569

the assembly PCB. The main purpose of the top spacer is1570

to minimise the gap between the MPPCs and the assembly1571

PCB because the electronic components are mounted on this1572

Figure 53 Photo of the LXe photon detector inside after the MPPCs
and PMTs are assembled.

side of the assembly PCBs to realise the series connection1573

of four MPPCs. The role of the PCB spacer is mainly to re-1574

duce too many machining on the CFRP plates and to support1575

easily MPPC PCBs on it by socket pins. The PCB spacer1576

is mounted on the CFRP plates with M2.6 screws. Those1577

spacers are made of materials based on FR-4 which is the1578

same material as the assembly PCB.1579

Figure 53 is a photo of the LXe photon detector inside1580

after the MPPCs and PMTs are mounted.1581

5.3.2 Design of PMT support structures1582

The basic concept to support PMTs is the same as the MEG1583

LXe photon detector except for the inner face which is re-1584

placed with MPPCs. Figure 54 shows the 3D CAD design1585

of the PMT support strucutre. There is no support structure1586

at the inner side of the side slab, and only the outer part has1587

screw holes to an arch shaped support structure tied by bolts.1588

Joint brackets are used to tie two adjacent side slabs. The top1589

and bottom panels are modified to fit the wider incident face1590

which has 73 PMTs (54 PMTs before). Outer face PMT sup-1591

port structures are re-used. In total, 668 PMTs are installed1592

to all the faces except for the photon incident face.1593

5.3.3 Signal transmission1594

It is not an easy task to transmit 4092 MPPC signals to1595

DAQ electronics without introducing noise or distortion. We1596

have to pay attention to pickup noise, cross-talk, and limited1597

space in the cryostat and the feed-through etc. In order to1598

overcome such issues, we have developed a multi-layer PCB1599

with coaxial-like signal line structure. It is used for both the1600

PCB for MPPC mounting and the vacuum feed-through of1601

the cryostat.1602

As described in Sect. 5.3.1, 22 MPPCs are mounted on1603

a PCB strip and signal lines embedded in the strip transmit1604

signals to an end. The total length of the signal line is about1605

MEG (PMT) MEG II (MPPC)
MEG (MC) MEG II (MC)

S10943-4372
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• Requirements and constraints 
• High granularity 
• Need both good S/N (energy) and high speed (timing) 
• No amplification at cryo temp 

• Passive ganging of 4 sensor segments (6×6mm2 
each) 

• Series connection employed (timing ↔ S/N) 

• “Hybrid” connection 
• Series connection for signal 
• Parallel connection for biasing

 9

MEG II Ganging
第 3章 液体キセノンガンマ線検出器のアップグレード 30

100 ns

図 3.9 MPPCを直列につないだ際の 2 p.e.波形の比較。直列の段数が多いほど短い波形が得られる。

図 3.8で紹介した直列接続は単純な直列接続であるが、図 3.10のようなハイブリッド接続と呼ばれる
より改良した直列接続の使用が検討された。単純な直列接続ではバイアス電圧も全体に直列にかけていた
が、ハイブリッド接続では信号は直列接続で読み出しながらバイアス電圧は各チップに並列にかかる。
ハイブリッド接続の利点は以下のようである。

• 必要なバイアス電圧が小さくなり、また直列接続の段数に依存しなくなる
• それぞれのチップに必ず同じバイアス電圧をかけられる。
• チップ間に電位差が存在しない。
これは 0.5mm間隔で設置されている２つのチップの間での、放電の危険性を取り除く意味がある。

それぞれのチップに必ず同じバイアス電圧をかけられるという点には注意が必要である。単純直列接
続、特に４段直列接続の場合では全てのチップに同じ電流が流れるため、I-V曲線の形が同じである限り
は、自動的に Over voltageが揃うことになるが、ハイブリッド接続ではバイアス電圧が同じになるため、
同じパッケージに乗っているチップの間でブレークダウン電圧を揃える必要があるからである。我々の素
子においては同一パッケージ内でブレークダウン電圧は揃っているため、これは問題とはならない。
また、ハイブリッド接続の欠点として、回路上に新たな抵抗が存在することがあげられる。すなわち、
信号の頻度が高い環境では素子を流れる電流による電圧降下によってバイアス電圧の変動が起きる可能性
がある。実際にバックグラウンド光が存在する状況下での性能が調査され、電流が流れた際にゲインの低
下が観測できるものの、MEG II実験で問題となるような大きさではないことが判明したため、実機にお
いてはハイブリッド接続を用いる予定である。
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直列接続による信号の読み出し
プロトタイプ素子では４つの 6 × 6mm2 のチップ４つが１つのパッケージにまとめられており、これ
を１つのチャンネルで担当する。４つのチップは独立に読み出せるため、パッケージをのせる基板に回路
を実装することで、様々なつなぎ方が実現できる。具体的には図 3.8に示す３通りの手法が検討された。
１つ目は全てを並列につなぐ手法であり、単純に 12 × 12mm2 の素子を用いるのと同等な信号が得られ
る。残り２つは直列接続であり、直列につながっているチップの数によって２段直列接続と４段直列接続
がある。一般に直列接続の段数が増えれば増えるほど静電容量が小さくなるので、波形の時定数が小さく
なる一方、増幅率も小さくなるという特徴がある。
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図 3.8 直列接続の概念図。４つのチップの接続法として、３通りの候補がありうる。

図 3.9にそれぞれの直列接続による 2 p.e.信号の波形を示す。直列の段数が増えると時定数が小さくな
る傾向が確認できる。３つの候補のうち単純な並列接続ではたち下がり時定数が約 130 ns程度となって
いる。これはガンマ線に対する液体キセノンのシンチレーションの時定数 45 nsよりもかなり大きく、パ
イルアップ除去に悪影響を与える可能性があるため候補から除き、直列接続で信号を読み出すことが決定
された。どちらの直列接続を使用するのかは後ほど第 4章や第 9章で議論する。
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図 3.10 ４段直列接続の場合の単純直列接続 (左)とハイブリッド接続 (右)。ハイブリッド接続では高
周波の信号はコンデンサを通り直列に読み出されるのに対し、バイアス電圧は直流なので抵抗を通っ
て各チップに並列にかかる。

3.3 信号読み出し手法
MPPCからの信号は図 3.11のような PCBを用いて読み出される。前節で述べた直列接続の回路はこ
の PCB上で実装される。この PCBでは信号線の周囲をグラウンドで囲むことにより、チャンネル間の
クロストークや外部からのノイズの影響を抑える工夫がなされている (図 3.12)。またインピーダンスが
50Ωなるように調整されている。
この PCBは信号を読み出すだけではなく、MPPCを適切に配置する役割がある。図 3.13に配置の予
想図を示す。PCB１枚には 22個の素子を並べることができる。この PCBをビーム軸上流、下流側から
それぞれ 93枚ずつ並べることで、44× 93 = 4092個のMPPCを配置する。
PCBから読み出された信号は同軸ケーブルを用いて読み出される。ケーブルの長さは 2.5mから 4.9m

であり、ケーブルの体積を抑えるためフィードスルーまでの距離に依存して、7段階の長さを使用する。
信号を真空容器の外に引き出すには PCBを用いて高密度な信号の伝送を実現したフィードスルーを使用
する。このフィードスルーに用いる PCBもMPPCを載せる PCBと同様に信号線がグラウンドで遮蔽
された多層基板となっている。フィードスルーからWaveDREAMまでは 7mの同軸ケーブルで信号を
伝送する。
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Figure 50 PCBs for MPPC mounting. One PCB in the front has
already 22 MPPCs.

Figure 51 Installing PCB strips on the inner wall of the photon en-
trance window.

Figure 52 Cross-sectional view of the structures to fix the MPPCs on
the cryostat wall.

able low energy tail in the energy response function of the1562

detector. Figure 52 illustrates the structures to fix the PCB1563

strips on the CFRP plates as well as to minimise the gap1564

between the strip and the wall/the MPPCs.1565

Four CFRP plates to fix the PCB strips on the cryostat1566

wall are installed directly on the cryostat wall with screws at1567

both ends with di↵erent � positions. Two di↵erent spacers1568

(top spacer and PCB spacer) are installed at both sides of1569

the assembly PCB. The main purpose of the top spacer is1570

to minimise the gap between the MPPCs and the assembly1571

PCB because the electronic components are mounted on this1572

Figure 53 Photo of the LXe photon detector inside after the MPPCs
and PMTs are assembled.

side of the assembly PCBs to realise the series connection1573

of four MPPCs. The role of the PCB spacer is mainly to re-1574

duce too many machining on the CFRP plates and to support1575

easily MPPC PCBs on it by socket pins. The PCB spacer1576

is mounted on the CFRP plates with M2.6 screws. Those1577

spacers are made of materials based on FR-4 which is the1578

same material as the assembly PCB.1579

Figure 53 is a photo of the LXe photon detector inside1580

after the MPPCs and PMTs are mounted.1581

5.3.2 Design of PMT support structures1582

The basic concept to support PMTs is the same as the MEG1583

LXe photon detector except for the inner face which is re-1584

placed with MPPCs. Figure 54 shows the 3D CAD design1585

of the PMT support strucutre. There is no support structure1586

at the inner side of the side slab, and only the outer part has1587

screw holes to an arch shaped support structure tied by bolts.1588

Joint brackets are used to tie two adjacent side slabs. The top1589

and bottom panels are modified to fit the wider incident face1590

which has 73 PMTs (54 PMTs before). Outer face PMT sup-1591

port structures are re-used. In total, 668 PMTs are installed1592

to all the faces except for the photon incident face.1593

5.3.3 Signal transmission1594

It is not an easy task to transmit 4092 MPPC signals to1595

DAQ electronics without introducing noise or distortion. We1596

have to pay attention to pickup noise, cross-talk, and limited1597

space in the cryostat and the feed-through etc. In order to1598

overcome such issues, we have developed a multi-layer PCB1599

with coaxial-like signal line structure. It is used for both the1600

PCB for MPPC mounting and the vacuum feed-through of1601

the cryostat.1602

As described in Sect. 5.3.1, 22 MPPCs are mounted on1603

a PCB strip and signal lines embedded in the strip transmit1604

signals to an end. The total length of the signal line is about1605

PCB cross section 

第 3章 液体キセノンガンマ線検出器のアップグレード 29

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0 1 2 3 4 

P
D

E
 

Over Voltage

K-1 

K-2 

Over Voltage (V)
図 3.7 真空紫外光に対する PDE。15%以上の PDEが確認できている。

直列接続による信号の読み出し
プロトタイプ素子では４つの 6 × 6mm2 のチップ４つが１つのパッケージにまとめられており、これ
を１つのチャンネルで担当する。４つのチップは独立に読み出せるため、パッケージをのせる基板に回路
を実装することで、様々なつなぎ方が実現できる。具体的には図 3.8に示す３通りの手法が検討された。
１つ目は全てを並列につなぐ手法であり、単純に 12 × 12mm2 の素子を用いるのと同等な信号が得られ
る。残り２つは直列接続であり、直列につながっているチップの数によって２段直列接続と４段直列接続
がある。一般に直列接続の段数が増えれば増えるほど静電容量が小さくなるので、波形の時定数が小さく
なる一方、増幅率も小さくなるという特徴がある。
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図 3.8 直列接続の概念図。４つのチップの接続法として、３通りの候補がありうる。

図 3.9にそれぞれの直列接続による 2 p.e.信号の波形を示す。直列の段数が増えると時定数が小さくな
る傾向が確認できる。３つの候補のうち単純な並列接続ではたち下がり時定数が約 130 ns程度となって
いる。これはガンマ線に対する液体キセノンのシンチレーションの時定数 45 nsよりもかなり大きく、パ
イルアップ除去に悪影響を与える可能性があるため候補から除き、直列接続で信号を読み出すことが決定
された。どちらの直列接続を使用するのかは後ほど第 4章や第 9章で議論する。
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直列接続による信号の読み出し
プロトタイプ素子では４つの 6 × 6mm2 のチップ４つが１つのパッケージにまとめられており、これ
を１つのチャンネルで担当する。４つのチップは独立に読み出せるため、パッケージをのせる基板に回路
を実装することで、様々なつなぎ方が実現できる。具体的には図 3.8に示す３通りの手法が検討された。
１つ目は全てを並列につなぐ手法であり、単純に 12 × 12mm2 の素子を用いるのと同等な信号が得られ
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図 3.8 直列接続の概念図。４つのチップの接続法として、３通りの候補がありうる。

図 3.9にそれぞれの直列接続による 2 p.e.信号の波形を示す。直列の段数が増えると時定数が小さくな
る傾向が確認できる。３つの候補のうち単純な並列接続ではたち下がり時定数が約 130 ns程度となって
いる。これはガンマ線に対する液体キセノンのシンチレーションの時定数 45 nsよりもかなり大きく、パ
イルアップ除去に悪影響を与える可能性があるため候補から除き、直列接続で信号を読み出すことが決定
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• PCB slab to assemble VUV-MPPCs 
• 22 sensors mounted on each PCB 
• Series connections  
• High bandwidth signal transmission in 

coaxial-like signal line (50Ω) 
• Precise sensor alignment
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• No amplification in LXe 
• Signal transmission to readout electronics at room temp. via ~13m-long coaxial cable  
• Single cable for both biasing and signal transmission 

• High density PCB-based vacuum feedthrough  
• PCB with coaxial-like signal line 

• 50Ω impedance, high noise immunity, high bandwidth, small cross-talk (<0.3%) 
• High density 

• 72ch/PCB, 6×PCBs on vacuum flange (DN160)
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MEG II Signal Transmission

30

Figure 54 3D CAD design of the LXe photon detector PMT support
structure.

CH0

GND CH0

GND CH0

CH1

GND CH1

GND CH1

CH2

GND CH2

GND CH2

CH3

GND CH3

GND CH3

Figure 55 A cross-sectional view of the PCB schematic drawing in
which a signal line is shielded by surrounding ground lines and ground
layers. The total thickness of the PCB board is 1.6 mm.

35 cm, and the width of the PCB is 15 mm. MPPCs are1606

plugged in socket pins on the PCB and 22 MMCX (micro-1607

miniature coaxial) connectors are used at the end of the sig-1608

nal line. The signal lines on the PCB strip are connected to1609

(real) thin coaxial cables by means of connectors at the edge1610

of PCBs. Then the signals are transmitted to feed-throughs1611

using the thin coaxial cables with a length of 2.5–4.9 m de-1612

pending on � positions. The coaxial cables (RG178-FEP)1613

are produced by JYEBAO [60]. An MMCX connector is as-1614

sembled on one end, and the other end is directly soldered1615

on the feed-through PCB.1616

Figure 55 shows the layer structure of the PCB which is1617

an example for feed-through PCB. Each signal line is sur-1618

rounded by di↵erent ground patterns to minimise cross-talk1619

e↵ect and to be well shielded from outside. To avoid any1620

ground loop, di↵erent ground patterns for di↵erent signal1621

line are separated. In total, six layers (two layers for signal,1622

and four layers for ground) are used. The dimensions of the1623

layers are adjusted to have 50 ⌦ impedance.1624

Figure 56 PCB-type vacuum feed-through for the MEG II LXe
photon detector.

The MEG LXe photon detector had in total 101625

DN160CF flanges for signal and HV cables of 846 PMTs.1626

Since the number of readout channels increases, more1627

feed-through ports are necessary. A PCB-type feed-through1628

shown in Fig. 56 similar to the PCB for MPPC mounting1629

is developed, which realises high density signal transmis-1630

sion through vacuum walls and low noise environment. At1631

both sides on a PCB, 72 cables are directly soldered, and six1632

PCBs are glued by Stycast 2850 FT + Catalyst 24 LV on a1633

DN160CF flange. In total, 10 DN160 CF flanges are used1634

for MPPC signals (up to 4320 channels), 2 flanges are used1635

for PMT signals, and 4 flanges are used for PMT HV cables.1636

The signal from the feed-through is transmitted to the1637

readout electronics on 10 m coaxial cables.1638

5.3.4 Read-out electronics1639

Both the PMTs and MPPCs signals are read out by the1640

WaveDREAM boards (WDBs). Amplifiers are mounted on1641

the board with switchable gain settings from 0.5 to 100 (see1642

Sect. 7.2 in detail). The di↵erent gain stages can then be1643

switched at any time. The higher gain mode is used to detect1644

single photo-electrons for the calibration of MPPCs, while1645

the low gain mode is used to take physics data where a large1646

dynamic range is needed.1647

No amplifier is installed between the MPPC and the1648

WDB. The bias voltage for MPPC, which is typically 70 V,1649

is supplied from the WDBs through the signal cable.1650

5.3.5 Cryogenics1651

The MEG LXe cryostat is re-used for the MEG II LXe1652

photon detector. In order to cover the increase of the ex-1653

ternal heat inflow due to ⇠ 4000 signal cables for the MP-1654

PCs, the cooling power of the refrigerator is increased by1655

adding another Gi↵ord-McMahon (GM) refrigerator, the1656

model AL300, produced by CRYOMECH [61]. The new1657

refrigerator will produce more than 400 W cooling power1658

which should be su�cient to keep the MEG II LXe photon1659

detector.1660
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FIG. 75: Pulse heights of single photoelectron events at four di↵erent conditions.

No significant deterioration is observed with the prototype PCB nor with the Radiall cable. One notice

is that condition 4 was expected to give the worst in these configurations, but it was not the case in this

measurement. It indicates that there is some systematic uncertainty in this measurement at the level of 10%.

We plan to send the MPPC signal from the feedthrough to the readout electronics with ⇠10 m-long

coaxial cable without any amplification. In order to check the e↵ect of the long cable, we measure the

MPPC pulse height, pulse width and the rise time with the Radiall coaxial cables, which is also a candidate

for the cable outside the LXe detector cryostat, with di↵erent lengths between the feedthrough and the

preamplifier.
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FIG. 76: (Left) Pulse height of single photoelectron events, (middle) the pulse width, and (right) the rise time as a

function of the cable length.

The pulse height deterioration is not very large (⇠25%) with 10 m cable, and we believe this can be

recovered using a higher gain at pre-amplifier etc. The transmission of the MPPC signal using 10 m long

cable without any amplification seems possible.

MPPC DAQ board

PCB coax cable
(2.5-4.9m)
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Cryostat Vacuum
 feedthru

Readout chain PCB-based vacuum feedthrough
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• Combined DAQ-trigger system: WaveDAQ 
• # of readout channels: 3000(MEG) → 9000(MEG II) 
• WaveDREAM 

• Waveform digitiser (DRS4) 
• Programmable FPGA-based trigger system 
• Bias circuit for SiPM
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MEG II Readout Electronics

256 readout channel per crateWaveDREAM board (16ch)
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• LAr veto system in GERDA Phase II  
• 405 fibers readout at both ends by 90 SiPMs
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GERDA Phase II
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Fig. 8 Suppression of the events from 42Ar decays by the nylon mini-
shroud (NMS), LAr veto and PSD: the grey area shows the scaled spec-
trum from a measurement with a bare BEGe detector without NMS,
‘blue’ the measurement with NMS, ‘black’ the events surviving the
LAr veto cut, and ‘red’ the remaining events after both the LAr veto
and PSD cuts [20]

PSD technique with the scintillation veto, it was possible to
decrease the 42K background by more than a factor of 103 (see
Fig. 8).

3 LAr veto system

The liquid argon veto system (LAr veto) of Gerda is a
detector system devised to detect argon scintillation light in
the vicinity of the Ge detector array. It evolved from stud-
ies of scintillation light detection in LAr with 8” PMTs in
the low-background facility LArGe [22] and silicon photo-
multipliers (SiPMs) coupled to wave length shifting fibers for
increasing light detection efficiency [23]. The goal is to reject
those types of background events in the Ge detectors that
simultaneously deposit energy in the surrounding LAr, and
hence generate scintillation. These background types mainly
include γ -ray background from Ra and Th decays in solid
materials inside and around the detectors. But also other
types of background can successfully be rejected, such as
muons or decays from 42Ar/42K. The concept of a LAr anti-
coincidence veto has been proven in LArGe where suppres-
sion factors of up to a few times 103 were achieved depending
on the background type and source distance towards the Ge
detectors [22].

The LAr light instrumentation in Gerda is conceived as a
hybrid system comprising PMTs and WLS fibers with SiPM
readout. It is designed to be a retractable unit that can be
deployed together with the Ge detector array into the cryostat
through the lock system. The elaborated mounting scheme
of the veto system is described in the next section. The lock
system constrains the veto’s geometry to a lengthy cylindrical
shape with a diameter of ∼ 0.50 m and a total height of
∼ 2.6 m. A (CAD) technical drawing depicting the complete
LAr veto system is shown in Fig. 9.

bottom plate with
seven 3" PMTs

copper cylinder
(wall thickness 0.1 mm)

calibration source entering
slot in top plate

top plate (Ø 49 cm)

Ge detector array

copper cylinder

60
 c

m
10

0 
cm

60
 c

m

SiPMs

nine 3" PMTs (R11065−20)

Tetratex lining  
soaked in TPB

fiber curtain coated with
wave length shifting TPB

Fig. 9 The Ge detector array enclosed by the LAr veto system

3.1 PMT system

The PMT light readout system measures the scintillation light
around the detector array with nine PMTs from the top and
seven PMTs from the bottom. The 3” PMTs are installed on
copper plates at the two ends of the cylindrical LAr volume
facing inwards (see Figs. 10, 11). These end plates are sep-
arated from the central fiber section by copper shrouds of
60 cm height. The copper shrouds consist of 100 µm thick
copper foils which carry laser-welded flanges at both ends
for the connection to the PMT plates and the fiber section.
They are lined with Tetratex® PTFE foil of 254 µm thickness
from the inside. The Tetratex® foil is impregnated with TPB,
and thereby serves as a WLS of the scintillation and diffuse
reflector of the shifted light. The foil has been thoroughly
tested for mechanical and optical stability of the WLS [24].

The cabling of the bottom PMTs runs along the outside
of the LAr veto system. The bottom shroud can be easily
detached from the central fiber unit within the glove box. For
this purpose custom made low-radioactivity cable plugs for
the bottom PMTs were placed on the connecting flange (see
Fig. 12).

The PMTs are of type Hamamatsu R11065-20 Mod. They
have a bialkali photocathode that reaches a quantum effi-
ciency of about 40% at the wavelength of 420 nm. Typically
a peak-to-valley ratio of about four is achieved for single
photoelectrons. To enable direct detection of scintillation the
photocathodes are coated with a 1–4 µm thick layer of WLS,
TPB (10% by mass) embedded in polystyrene (90%). In vari-

123
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Fig. 14 The fiber curtain: height ∼ 1 m, diameter ∼ 0.5 m; 405 fibers
read out on both ends by 90 SiPMs

Fig. 15 Fiber holder produced with wire erosion. Note the pattern of
diagonally aligned square holes. One holder covers an angular range of
23.5◦

out with SiPMs. Note that its field of view is limited by the
copper radon shroud3 at diameter 0.75 m.

3 The radon shroud separates a central volume of about 3 m height and
0.75 m diameter from the remaining volume of the cryostat in order to
prevent that radon, emanating e.g. from the walls of the vessel, may be
transported by convection close to the detector array [5].

3.2.1 Fiber curtain

The design goal of the fiber detector was to achieve the largest
possible coverage with light detectors while using the mini-
mum amount of material hence minimizing the radioactivity
in the vicinity of the Ge detectors.

The BCF-91A multiclad fibers from Saint-Gobain with a
cross section of 1 × 1 mm2 were chosen. The square cross
section is needed for the highest possible trapping efficiency
and the absorption spectrum of the BCF-91A fiber matches
well the emission spectrum of the TPB. The surface of the
fibers is coated with TPB by vacuum deposition.

The fibers are supported by a lightweight copper frame
that also carries the weight of the bottom PMT section of the
setup.

The arrangement of the square fibers is such that their
diagonal is tangential to the circular flanges maximizing their
surface turned towards the enclosed volume. The fibers are
held in place by copper holders as the one seen in Fig. 15.
These holders bundle 54 fibers in one unit which are con-
nected to six 3 × 3 mm2 SiPMs.

At the bottom part of the fiber shroud the fibers are bent
around and fed through the neighboring copper holder (see
Fig. 14) such that two pairs of copper holders form a double
module. Every single fiber is about 1.8 m long and both of its
ends are instrumented with SiPMs at the top of the cylinder.

The total amount of fibers is about 730 m. This corre-
sponds to a mass of about 765 g. The total surface is about
2.9 m2 half of which is facing inwards the enclosed volume.

3.2.2 SiPMs

For possible use in Gerda the radioactivity of commercial
SiPMs is a big concern because of the substrate that is either
ceramic or ordinary glass fiber PCB material. On the other
hand the purity of the silicon wafers the chips are made of
is expected to be very high. To have the radiopurity issue
under control it was decided to pack the SiPMs ourselves.
Therefore the 3 × 3 mm2 SiPMs were purchased in die from
Ketek GmbH.

The packaging consists of a Cuflon® PCB with square
holes machined into it for the SiPM chips. Such a holder
with SiPMs already implanted is shown in Fig. 16. Each
holder has place for three SiPMs. The top copper layer of the
PCB material is divided into two strips during the milling
to form the two contacts of the SiPM array. The SiPMs are
placed in the holder and bonded to the copper stripes. Then
the holder is covered with a thin layer of transparent epoxy
glue (Polytec EP601).

Each array was tested first at room temperature, then in
liquid nitrogen (LN). The arrays that passed the first test
were assembled in double arrays of six SiPMs and tested
again in LN. Only fully functional SiPM arrays with low
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Fig. 16 Custom packaging of three 3 × 3 mm2 SiPMs on a Cuflon®

holder

dark rate (< 1 Hz/mm2 at about 2.7 V overvoltage in LN)
were accepted for deployment in Gerda.

Six SiPMs are connected in parallel to one 50 Ω cable
in the cable chain. There is no active or passive electronic
component in the LAr. The total cable length from the SiPMs
to the amplifier input is about 20 m.

The strongly temperature dependent quenching resistors
of the SiPMs cause very long pixel recharge times in the
range of microseconds when the SiPMs are submersed in
LAr. In addition, the capacity of the large array and the cable
reduces the peak amplitude of the signal significantly. The
slow and small amplitude signals suggest the use of charge
sensitive amplifiers.

Figure 17 shows the readout circuit schematics. Each
group of three SiPMs corresponds to a unit shown in Fig. 16.
The transmission line in Fig. 17 stands for the 20 m cable
mentioned above. The potentiometer regulates the bias volt-
age of the SiPMs which is connected to the core of the coaxial
cable. The signal is decoupled with a 100 nF capacitor and
connected to the charge sensitive amplifier (CR112 from Cre-
mat). The bias circuit and the charge amplifier are mounted
in a custom-made NIM module.

3.3 Data acquisition and analysis

The same FADC system (SIS 3301 Struck) used for the Ge
detectors [5] records the pulse shapes of the 16 PMT and
15 SiPM channels and saves them for off-line analysis. The
PMT traces are digitized with 100 MS/s and for each chan-
nel a trace of 12µs length is saved to disk. The resolution
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Fig. 18 Sample traces of an event with signals in a Ge detector and the
LAr veto system. On top the trace of the Ge detector that triggered the
event; a PMT trace in the middle – the fast component of the scintillation
light is followed by several smaller pulses from the triplet component;
at bottom one of the SiPMs traces with the expected slower signal (see
Sect. 3.2)

of the SiPM traces is reduced to 80 ns to save disk space
but traces of 120µs length are recorded. All LAr channels
are read out together with the Ge channels if at least one Ge
detector has an energy deposition above 100 keV. Figure 18
shows the traces of a representative background event that
has been triggered by a Ge detector and that has produced
in addition signals in the PMTs and SiPMs of the LAr veto
system. PMT hits are reconstructed in the offline analysis
following the procedure described in [26]. First, the baseline
is determined using an iterative method from [27]. Then a
leading edge trigger with a threshold of 3 baseline standard
deviations is applied to identify up to fifteen hits per trace.
Amplitude and charge of each hit are computed. No qual-

Fig. 17 Circuit diagram of the
SiPM readout. Only one channel
is shown with six SiPMs in
parallel which corresponds to an
array of 54 mm2. The cable
separating the SiPMs and the
amplifier is about 20 m long.
The charge sensitive amplifier is
a Cremat-112
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• 6 × SiPMs (3×3mm2) connected in parallel 
• No amplification in LAr 
• 20m-long 50Ω cable to amplifier at room temp.  

• Slow signal 
• Signal and bias share the same cable
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GERDA Phase II SiPM readout
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dark rate (< 1 Hz/mm2 at about 2.7 V overvoltage in LN)
were accepted for deployment in Gerda.

Six SiPMs are connected in parallel to one 50 Ω cable
in the cable chain. There is no active or passive electronic
component in the LAr. The total cable length from the SiPMs
to the amplifier input is about 20 m.

The strongly temperature dependent quenching resistors
of the SiPMs cause very long pixel recharge times in the
range of microseconds when the SiPMs are submersed in
LAr. In addition, the capacity of the large array and the cable
reduces the peak amplitude of the signal significantly. The
slow and small amplitude signals suggest the use of charge
sensitive amplifiers.

Figure 17 shows the readout circuit schematics. Each
group of three SiPMs corresponds to a unit shown in Fig. 16.
The transmission line in Fig. 17 stands for the 20 m cable
mentioned above. The potentiometer regulates the bias volt-
age of the SiPMs which is connected to the core of the coaxial
cable. The signal is decoupled with a 100 nF capacitor and
connected to the charge sensitive amplifier (CR112 from Cre-
mat). The bias circuit and the charge amplifier are mounted
in a custom-made NIM module.

3.3 Data acquisition and analysis

The same FADC system (SIS 3301 Struck) used for the Ge
detectors [5] records the pulse shapes of the 16 PMT and
15 SiPM channels and saves them for off-line analysis. The
PMT traces are digitized with 100 MS/s and for each chan-
nel a trace of 12µs length is saved to disk. The resolution
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at bottom one of the SiPMs traces with the expected slower signal (see
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of the SiPM traces is reduced to 80 ns to save disk space
but traces of 120µs length are recorded. All LAr channels
are read out together with the Ge channels if at least one Ge
detector has an energy deposition above 100 keV. Figure 18
shows the traces of a representative background event that
has been triggered by a Ge detector and that has produced
in addition signals in the PMTs and SiPMs of the LAr veto
system. PMT hits are reconstructed in the offline analysis
following the procedure described in [26]. First, the baseline
is determined using an iterative method from [27]. Then a
leading edge trigger with a threshold of 3 baseline standard
deviations is applied to identify up to fifteen hits per trace.
Amplitude and charge of each hit are computed. No qual-

Fig. 17 Circuit diagram of the
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parallel which corresponds to an
array of 54 mm2. The cable
separating the SiPMs and the
amplifier is about 20 m long.
The charge sensitive amplifier is
a Cremat-112
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dark rate (< 1 Hz/mm2 at about 2.7 V overvoltage in LN)
were accepted for deployment in Gerda.

Six SiPMs are connected in parallel to one 50 Ω cable
in the cable chain. There is no active or passive electronic
component in the LAr. The total cable length from the SiPMs
to the amplifier input is about 20 m.

The strongly temperature dependent quenching resistors
of the SiPMs cause very long pixel recharge times in the
range of microseconds when the SiPMs are submersed in
LAr. In addition, the capacity of the large array and the cable
reduces the peak amplitude of the signal significantly. The
slow and small amplitude signals suggest the use of charge
sensitive amplifiers.

Figure 17 shows the readout circuit schematics. Each
group of three SiPMs corresponds to a unit shown in Fig. 16.
The transmission line in Fig. 17 stands for the 20 m cable
mentioned above. The potentiometer regulates the bias volt-
age of the SiPMs which is connected to the core of the coaxial
cable. The signal is decoupled with a 100 nF capacitor and
connected to the charge sensitive amplifier (CR112 from Cre-
mat). The bias circuit and the charge amplifier are mounted
in a custom-made NIM module.

3.3 Data acquisition and analysis

The same FADC system (SIS 3301 Struck) used for the Ge
detectors [5] records the pulse shapes of the 16 PMT and
15 SiPM channels and saves them for off-line analysis. The
PMT traces are digitized with 100 MS/s and for each chan-
nel a trace of 12µs length is saved to disk. The resolution
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LAr veto system. On top the trace of the Ge detector that triggered the
event; a PMT trace in the middle – the fast component of the scintillation
light is followed by several smaller pulses from the triplet component;
at bottom one of the SiPMs traces with the expected slower signal (see
Sect. 3.2)

of the SiPM traces is reduced to 80 ns to save disk space
but traces of 120µs length are recorded. All LAr channels
are read out together with the Ge channels if at least one Ge
detector has an energy deposition above 100 keV. Figure 18
shows the traces of a representative background event that
has been triggered by a Ge detector and that has produced
in addition signals in the PMTs and SiPMs of the LAr veto
system. PMT hits are reconstructed in the offline analysis
following the procedure described in [26]. First, the baseline
is determined using an iterative method from [27]. Then a
leading edge trigger with a threshold of 3 baseline standard
deviations is applied to identify up to fifteen hits per trace.
Amplitude and charge of each hit are computed. No qual-

Fig. 17 Circuit diagram of the
SiPM readout. Only one channel
is shown with six SiPMs in
parallel which corresponds to an
array of 54 mm2. The cable
separating the SiPMs and the
amplifier is about 20 m long.
The charge sensitive amplifier is
a Cremat-112
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T~90K

L=20m

Room temp.

JJ, Mai. 2016

• 6, 3x3 mm2 SiPM in paralel: no electronics in LAr!

• 20 m, 50 Ω cable to the amplifier ⟹ no fast pulses

• Read-out from the ‘high voltage’ side ⟹ signal and bias is the 
same cable 

• Aiming to detect 1 p.e. in 5 µs 

16

GERDA SiPM read-out

~20 mT ≅ 90 K
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• SiPM light detection at barrel of nEXO 
• VUV-SiPMs covering 4-5m2  
• Single photodetector active area >1cm2  
• Power dissipation < 100W 
• Noise < 0.1pe per channel 

• Two options under study for SiPM readout 
• Cryogenic analogue readout 
• Cryogenic digital readout 

• Very low power consumption <1W
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nEXO

Motivation.	nEXO

• 4-5	m2 SiPM

• Single	VUV	photon	sensitive

• >15%	efficiency

• Very	low	radioactivity

• Silicon	is	generally	very	
radiopure

• SiPM electronics	in	liquid	
Xenon

• Power	dissipation	<	100W

• Challenging	to	achieving	noise	
<	0.1PE	per	channel	of	1-
10cm2 because	of	large	
capacitance	

• With	analog	electronics	need	
to	limit	bandwidth

• Digital	SiPM promise	better	
performance	and	lower	
power

2
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Detection principle
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E field

scintillation

SiPM covered barrel (4 m2) for 
scintillation light detection

Charge tile anode for 
ionization charge collection

Ionization e

Energy anti-correlation

Prototype large area SiPM array (24SiPMs, 24cm2)

nEXO
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3	dimensional	digital	SiPM for	
nEXO

10

• Digital SiPM 
• On-cell digitisation 
• Low power consumption 
• Easier for large scale integration 

• 3D-dSiPM: 3D integration to minimise dead area 
• Tier1: SPAD 
• Tier2: electronics 
• Tier3: Data aggregator and trigger circuit
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nEXO 3D Integrated Digital SiPM

The	digital	SiPM concept

• Photon	to	bit	
conversion
• As	opposed	to	photon	to	
analog	to	bit	conversion

• Quenching	scheme
• Current	sense	per	diode
• Quench	upon	discharge

• Control	quench	time
• Time	tag	and	count	the	
avalanche

4

2009
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• Prototype for proof-of-principle works

 16

nEXO 3D Integrated Digital SiPM
And	in	Canada

8

• U.Sherbrooke (QC,	Canada)
• Photo-detector	tier	design
• Electronics	tier	design
• 3D	assembly

• In	collaboration	with	
Teledyne-DALSA	(Bromont,	
QC,	Canada)
• Photo-detector	fabrication
• 3D	assembly
• (CMOS	chip	made	by	TSMC)

It	works!	Sherbrooke’s proof	of	
concept

9
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• Operation scheme of 3D integrated digital SiPM 
• Each tile of ~1×1cm2  
• Wired-OR over SPADs in each tile 
• Parallel adder to count # of fired SPADs 
• Coincidence over tiles 
• Trigger is generated depending on  

• Flag count 
• Coincidence 
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nEXO 3D Integrated Digital SiPMTile	for	coincidence	and	triggering

• Adjustable	coincidence	
window
• Adjustable	threshold
• A	trigger	is	generated	
when:	
• Flag	count	>	threshold
• Inside	the	coincidence	
window

• The	parallel	adder	of	each	
3DdSiPM	is	activated	for	
the	duration	of	the	
scintillation
• Data	transmission	logic

ã2016	Jean-François	Pratte 13
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• LAr scintillation light detection at DUNE SP/ProtoDUNE SP 
• Timing and trigger purpose 

• 10 Photon Detection modules (PDs) per Anode Plane Assemblies (APAs) 
• APA frame area: 6060mm × 2300mm 
• PD active area: 2076mm × 84mm  

• A few options for PD 
• Light guide with double WLS 
• ARAPUCA

 18

DUNE Single Phase (SP)

 The DUNE Far Detector: Single Phase

• Single-phase TPC design based on LBNE modular drift cells.
- Suspended Anode and Cathode Plane Assemblies (APAs & CPAs).
- 3.6 m drift with a 500 V/cm E-field
- Cold digital electronics reduce noise.
- 3 azimuthal views: collection wires vertical, induction wires at a 35.7° wrapped      
  around APA.
     • Wrapping reduces the cold cable plant and number of readout channels.

DUNE and ProtoDUNE mechanical 
constraints for the Light Detectors

DUNE Far Detector Conceptual DesignThe DUNE LAr-TPC SP module geometry, The DUNE LAr-TPC SP module geometry, 
as for ProtoDUNE SP, imposes substantial as for ProtoDUNE SP, imposes substantial 
mechanical  constraints on the Light mechanical  constraints on the Light 
Detectors designDetectors design

Classical PMTs can not be housed inside Classical PMTs can not be housed inside 
the LAr-TPCthe LAr-TPC

For this reason it is necessray to develop For this reason it is necessray to develop 
new Light Detector sistems with new Light Detector sistems with 
alternative design    alternative design    

  PhotoDetector Basic Concept 
for DUNE LAr Experiment

10 PDs per APA Frame
PD active area 2076mm X 84mm (each)
APA Frame area (Outside) 6060mm X 2300mm
PD Coverage fraction: ~12.5%

5 modules installed
From this side

And 5 from the other side

DUNE and ProtoDUNE mechanical 
constraints for the Light Detectors

DUNE Far Detector Conceptual DesignThe DUNE LAr-TPC SP module geometry, The DUNE LAr-TPC SP module geometry, 
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mechanical  constraints on the Light mechanical  constraints on the Light 
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  PhotoDetector Basic Concept 
for DUNE LAr Experiment

10 PDs per APA Frame
PD active area 2076mm X 84mm (each)
APA Frame area (Outside) 6060mm X 2300mm
PD Coverage fraction: ~12.5%

5 modules installed
From this side

And 5 from the other side

The design concept for the photon detector 
technology in  ProtoDUNE

Standard Light Guides are used to instrument 5 of the 6 APA.
12 SiPM of which 3 ganged per readout channel per bar are used for the light detection

One APA is used for development and in it 2 bars One APA is used for development and in it 2 bars 
will  host the innovative devices ARAPUCA and will  host the innovative devices ARAPUCA and 
in case an active ganging board for a large array in case an active ganging board for a large array 
of SiPMs.of SiPMs.

SiPM active SiPM active 
ganging boardganging board

ARAPUCA

14

ARAPUCA: the photon trap mechanismARAPUCA: the photon trap mechanism

ARAPUCA a new device for liquid argon scintillation
light detection. A. A. Machado, E. Segreto
(Campinas State U.). JINST 11 (2016) no.02, C02004

- VUV (128 nm) photons are produced in LAR

- 1st WLS interaction: downshift to λ < λ CUT
   Filter is transparent, photons get into the box

- 2st WLS interaction: downshift to λ > λ CUT
  Filter is reflective, photons become trapped

Photons undergo further reflections until reach 
the photosensor (SiPM)

(Ernesto Kemp for the ARAPUCA collaboration – LIDINE 2017)

The design concept for the photon detector 
technology in  ProtoDUNE

Standard Light Guides are used to instrument 5 of the 6 APA.
12 SiPM of which 3 ganged per readout channel per bar are used for the light detection

One APA is used for development and in it 2 bars One APA is used for development and in it 2 bars 
will  host the innovative devices ARAPUCA and will  host the innovative devices ARAPUCA and 
in case an active ganging board for a large array in case an active ganging board for a large array 
of SiPMs.of SiPMs.

SiPM active SiPM active 
ganging boardganging board

ARAPUCA

12 SiPMs (3 SiPMs ganged)

Light guide with double WLS

ARAPUCA
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• Two options for ganging under study 
• Passive and active ganging 

• Passive ganging with parallel connection
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ARAPUCA (DUNE SP)  Ganging

Passive Ganging 

The boards allow for passive 
ganging of 1 to 12 SiPMs.

Connecting SiPM in Connecting SiPM in 
parallel implies paralleling parallel implies paralleling 
their capacities their capacities   

Longer recovery timeLonger recovery time (i.e. discharge)

 

Increasing the sensitive surface  Increasing the sensitive surface  
would decrease the resolution on  would decrease the resolution on  
photoelectron multiplicity.photoelectron multiplicity.
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Passive Ganging 
Hamamatsu:                               V_bias=55 V     T=-70C   LED λ=400 nm 

1 SiPM 2 SiPM
4 SiPM

8 SiPM
12 SiPM

4 μs

Increasing signal Increasing signal 
tails with tails with 
increasing number increasing number 
of connected of connected 
SiPMsSiPMs
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Passive Ganging 
Hamamatsu:                               V_bias=55 V     T=-70C   LED λ=400 nm 

1 SiPM 2 SiPM
4 SiPM

8 SiPM
12 SiPM

4 μs

Increasing signal Increasing signal 
tails with tails with 
increasing number increasing number 
of connected of connected 
SiPMsSiPMs
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Passive Ganging 

Single photon peak as a function of SiPM ganging Single photon peak as a function of SiPM ganging 
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• Active ganging

 20

ARAPUCA (DUNE SP)  Ganging

22

Active Ganging 

The virtual 
ground of the 
inverting imput 
allows to 
connect SiPMs  
decoupling the 
capacitance and 
hence preserving 
the signal shape. 

A second stage 
works as a buffer 
to sum the first 
stages 

 

21

Active Ganging 
Aim at getting with SiPMs the same sensitive area as with PMT. Aim at getting with SiPMs the same sensitive area as with PMT. 

Handle: 
- amplify the signal immediately
Contour conditions:
- read a large SiPM array 
- work in cold (immersed in LAr)

The project, started in LArIAT,
thanks to operational amplifiers working in cryogenic 
environment
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Active Ganging for ProtoDUNE 
T=T_LN2  V_bias =25.5 V  LED “on” 

1 SiPM 6x6mm pair

6 SiPM 6x6mm pairs

6.6 us

Tests results in Liquid Nitrogen.Tests results in Liquid Nitrogen.
  

The output signal is The output signal is 
independent of ganging independent of ganging 
multiplicitymultiplicity

The R&D is still going on to improve The R&D is still going on to improve 
details. details. 
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Active Ganging for ProtoDUNE 

To adapt the SiPM board to the ProtoDUNE DAQ, a new 
circuit was developed.

-

+

Rf=100 Ohm

Rt=50 Ohm

-
+

Rf=100 Ohm

Rt=50 Ohm

Signal

Bias

S
S

P

Since the SSP has an Since the SSP has an 
amplification stage based on amplification stage based on 
full-differential OpAmps the full-differential OpAmps the 
front-end  amplification stage front-end  amplification stage 
was removed and the buffer was removed and the buffer 
was adapted.was adapted.
  

The OpAmp virtual ground decouples The OpAmp virtual ground decouples 
the SiPM pair capacitancesthe SiPM pair capacitances

Active ganging for ProtoDUNE
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• Cryogenic experiment is an ideal place for SiPM application 
• SiPM application to cover large area >O(m2) starting 

• Taking advantage of greatly suppressed DCR at cryogenic temperature 
• Different choices on readout techniques depending on requirements and constraints 
• Experience at MEG II as a forerunner would be an important input for the forthcoming experiments 

• See my talk on MEG II
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Summary

DarkSide-20k MEG II GERDA Phase II nEXO DUNE SP
(10kt module)

Operating temp ~90K (LAr) ~165K (LXe) ~90K (LAr) ~165K (LXe) ~90K (LAr)

Ganging passive+active passive passive passive/active/ 
digital passive/active

# sensor readout 5210 4092 15 10000 6000

Sensor area per readout 25cm2 1.4cm2 0.54cm2 4-5cm2
17.3cm2(ARAPUCA) 

2.7cm2(Bar) 

5.4cm2(Split)

Total area 14m2 0.9m2 8.1cm2 4-5m2
10.4m2(ARAPUCA) 

1.6m2(Bar) 

3.2m2(Split)

Amplification ~90K RT RT ~165K 90K/RT

Status In preparation Commissionong Running In preparation In preparation

N.B. the numbers are still unsettled for most of the projects
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Thank you for your attention!


