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MEG II signal and background
• MEG II searches for  decay, one of charged lepton 
flavour violation (cLFV) channels 

• Dominant background is accidental coincidence of BG-  
and BG-

μ → eγ
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Accidental BG

• The same energy of 52.8 MeV 
• Opposite direction 
• The same timing

Signal-like accidental coincidence 
of  and  with ~52.8 MeVe+ γ

Radiative Muon Decay 
(RMD)
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Radiative Decay Counter
• Radiative Decay Counter (RDC) detects RMD  
with 1-5 MeV to tag BG-  

• RMD  tagged by time difference between     
 in  detector and  in RDC 

• Low-energy  fly around beam axis due to 
magnet

e+

γ

γ

γ γ e+

e+

RDC

µ+ beam

μ+

e+

γ

νe

ν̄μ

Tagged 
(~52.8 MeV)

Detected 
(1-5 MeV)

Upstream RDC 
Under development

Downstream RDC 
Already developed 
and installed
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Requirements for upstream RDC
1. <0.1%  material budget 

•  beam with 28 MeV/  must pass through the 
detector 

2. Rate capability for  (  at centre) 

3. Radiation hardness for >60 weeks operation 

4. 90% efficiency for RMD  with 1-5 MeV 

5. 1 ns timing resolution 
6. 20 cm diameter detector size

X0

μ c

108 μ/s 4 MHz/cm2

e+

 28 MeV/c

108 μ/s

e+

Upstream 
RDC

Ultra-low mass and high-rate capable RPC 
with Diamond-Like Carbon electrodes 

for upstream RDC

μ+
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図 ダイアモンド構造 の模式図

図 の構造の模式図

グラファイト構造は炭素同士の結合に 電子が含まれるため、これがキャリアとなり抵抗

値が低くなるのに対し、ダイアモンド構造は自由電子が存在ないため、高抵抗になる。これ

らの構造が混在する は、それらの割合や全体の物質量を調整することで任意の抵抗値

を持つ薄膜抵抗体を得ることができる。

　

DLC-RPC (1)
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Readout

+HV

-HV

High resistivity material (Glass, bakelite)
+HV

-HV
+HV

+HV

+HV

-HV

-HV

-HV

(Conventional) bulk RPC DLC-RPC

Insulator
Readout

• RPC with DLC electrodes (DLC-RPC) 
• DLC sputtered on 50 µm-thick polyimide (PI) foil 
➡ Material budget can be suppressed 

• Electrodes decoupled by PI 
➡ HV applied for each layer independently

PI (50 µm, insulator)
DLC (~100 nm) for electrode

Diamond-Like Carbon

+HV

-HV

Avalanche

Current

Low resistivity material for HV supply (graphite)
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DLC-RPC (2)

• Spacers formed using photolithographic technology 
• Should be careful to make flat thin film

7

Spacer

DLC

PI

φ400 µm

<400 µm

2.5 mm
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DLC-RPC for MEG II

8

• Electrodes stacked for higher detection efficiency 
• Efficiency with  layers:  

• 4 layers limited by material budget 
• 50 µm-thick PI foil: 0.018%  

•  for 90% detection efficiency with 4 layers 

• >300 µm gap thickness needed

n ϵn = 1 − (1 − ϵ1)
n

X0

ϵ1 > 40 %

Al readout strip (30 nm)

DLC (~100 nm)

Polyimide foil (50 µm)

Spacer (300-400 µm)

+HV

-HV

φ20 cm

+HV

+HV

+HV

-HV

-HV

-HV

for suppression of 
material budget

298 mm

278 mm

200 mm

Design draft

PI foil (50 µm)

Spacer 
(300-400 µm-t, φ400 µm, 

2.5 mm pitch)

DLC 
(~100 nm, )#(10 MΩ /sq.)
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R&D history
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New RPC idea by A. Ochi 
Adopted for Grant-in-Aid for Challenging Research

Report at CLFV2019 by A. Oya

Report at TIPP2021 by A. Oya

Report at RPC2022

図 全体の外観 図 をガスパッケージ状態の外観

R&D for fast timing RPC
 beam test at PSIμ+

Improved detector R&D

Aim to install in MEG II
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Electrode production

11

PI DLC

1 - DLC sputtered on Kapton foil 
• DLC thickness ~ 800 Å

35 mm

35 mm 5 mm

2 - Insulation cover deposited 
• 25 µm-thick photo-resist 
• Deposited on DLC boundary

3 - Spacers formed 
• 384 µm-thick photo-resist 
• 2.5 mm pitch

Produced electrode sample
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1st prototype detector
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Performance overview 
at  

• Successful operation with ultra-low mass 
design (<0.1% ) 

• Detect low-momentum  (28 MeV/ ) 
penetrating detector 

• 60% MIP efficiency achieved with single layer 
• 85% MIP efficiency achieved with multi layers 
• Due to non-flatness of electrode 

• 170 ps timing resolution

#(1 − 10 kHz/cm2)

X0

μ+ c

PI foil 
(50 µm-t)

Rubber for 
gas tight

Active area 
(3 cm x 3 cm)

Aluminised PI 
(~1 cm x ~10 cm / 
Al 100 nm-t)

Gas mixture 
R134a/SF6/i-C4H10 

= 95/1/4

DLC (60 MΩ/sq.)

38 dB 
Amp.

Waveform digitiser 
(DRS4, 700 MHz)

10 ns

+HV
-HV
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High rate capability of DLC-RPC

13

• Large current on resistive electrodes at high rate 
➡ Voltage drop  reduces effective applied HV  

➡ Gas gain reduction

δV Veff

+HV

-HV

Avalanche

Current i

Avalanche charge

Hit rate

Sheet resistivity

Veff = HV − δV+ − δV−

Voltage drop

δV+

δV−

∇2δV(x, y) = Qmean(Veff) ⋅ f(x, y) ⋅ ρSPI foil
DLC Avalanche charge

Hit rate

Sheet resistivity
Voltage drop 

(  at HV supply electrode)δV = 0

•  ∝ (current flow distance)2 

•  ∝ sheet resistivity

δV

δV
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High-rate performance test
• MIP  detection in low-momentum  beam 
•  beam at piE5 at Paul Scherrer Institut

e+ μ+

μ+

14

384 µm gap

+HV-HV

21 mm

10 mm
23 mm

ρS = 7 MΩ/sq .

ρS = 60 MΩ/sq .

e
+

μ
+

Upstream 
scintillation counter

RPC
Shield (Pb)

RPC 
active area

25 mm

28 mm
71 mm

13 mm

30 mm

Downstream 
scintillation counter

Test setup
Detector setup

 beam profile 

•  at centre 

• , 

μ+

1 − 3.5 MHz/cm2

σx = 13 mm σy = 23 mm

Copper tape for HV supply
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20 mV threshold

 = 45-50%ϵ

Detection efficiency at ((1 − 10 kHz/cm2)

Working point

1-10 kHz/cm2 

1 MHz/cm2 

3.5 MHz/cm2

 = 20-40%ϵ

Detection efficiency: 

• 45-50% at 1 MHz/cm2 
• 20-40% at 3.5 MHz/cm2

Calculated voltage drop: 

• 110-170 V at 1 MHz/cm2 
• 210-310 V at 3.5 MHz/cm2

➡1 MHz/cm2 rate capability
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Electrode to be improved

16

• Voltage drop should be suppressed for higher rate capability 
• HV supply segmented for short current flow (1 cm pitch) 
• Voltage drop ∝ (current flow distance)2 
• Need also for scalability 
• Resistivity should be low (10 MΩ/sq.) 
• Voltage drop ∝ (sheet resistivity) 
• Not too low for stable operation 

➡Voltage drop will be 60-80 V at 4 MHz/cm2

+HV

-HV
Current i

+HV

-HV
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Outline
• Introduction 

• High-rate performance test with our 1st prototype 
detector 

• Improved prototype test 
• Develop improved electrode 
• Performance test at  

• Summary and prospects

#(10 kHz/cm2)
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Electrode production
PI

DLC

1 - DLC sputtered on Kapton foil 2 - Conductive pattern implemented 

• Cr can be well-connected onto DLC

3.5 cm

3.5 cm
Cr+Cu

50 µm width

3 - Insulation cover deposited 
• 25 µm-thick photo-resist 
• Deposited on conductive pattern and DLC boundary

4 - Spacers formed 
• ~160 µm-thick photo-resist 
• Doubly accumulated for >300 µm gap thickness

200 µm width

400 µm diameter 
160 µm thickness 
2.5 mm pitch

Side view 200 µm

50 µm

Cr+Cu pattern

Photoresist
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Spacer formation
• Previous spacer material production cancellation 
➡ New spacer material used 
• >300 µm-thick spacers cannot be formed 
• Strategies for enough gap thickness 
• Form ~200 µm-thick spacers 
• Doubly accumulate spacers with precise alignment

Accumulate electrodes 
with precise alignment

~320 µm
~160 µm

Spacer

PI
DLC

400 µm
Accumulate electrodes

384 µmSpacer

PI
DLC

400 µm

300 µm gap thickness needed 
for enough efficiency
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Produced electrode

~160 µm-thick spacers 
(2.5 mm pitch)

Conductive pattern

Good alignment

Low High

Good connection between Cr & DLC

High

Low

Resistivity
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Test setup

Top

Bottom

90Sr

Scintillation counter

 @10 kHz/cm2β

RPC 38 dB 
Amp.

Waveform digitiser 
(DRS4, 700 MHz)

O-ring
Electrodes

Gas mixture 
R134a/SF6/i-C4H10 

= 95/1/4

-HV lines
+HV lines

~320 µm gap thickness
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Gap thickness non-uniformity
Non-uniformity in a layer Non-uniformity among different layers

No signal observed

Height spectrum

Height spectrumHeight spectrum

Detector response depends 
on  incident positionβ

Different gap thickness 
among different layers

46% eff. 
@2500 V

A few % signal 
@2600 V

5% eff. 
@2200 V

On-timing 
Off-timing

On-timing 
Off-timing

On-timing 
Off-timing

Large noise in this strip To be controlled by negative pressure in gas gap

14% eff. 
@2250 V

Expected cause

Non-flatness of 
most outer electrodes
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Performance with single layer
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46% detection efficiency with single layer 

→ 90% efficiency with 4 layers ( )1 − (1 − ϵ1)
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Summary & prospects
• Ultra-low mass and high-rate capable RPC with DLC electrodes is 
under development 
• For BG tagging in MEG II experiment 

• 1 MHz/cm2 rate capability achieved with 1st prototype detector 
• 45-50% detection efficiency with single layer even with 110-170 V drop 

• Improved prototype detector produced and tested 
• Cr+Cu pattern formed on DLC for HV supply segmentation 
• 46% detection efficiency achieved with single layer at 10 kHz/cm2 
• Gap thickness to be controlled 

• Performance to be evaluated with  beam at 4 MHz/cm2μ+

25
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Backup

26
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MEG II experiment
• MEG II searches for  decay with the sensitivity of  

• SM +  osc:  

• BSM (SUSY-GUT, SUSY-seesaw): 

μ+ → e+γ 6 × 10−14

ν ℬ(μ+ → e+γ) ∼ 10−54

ℬ(μ+ → e+γ) ∼ 10−11 − 10−15

 oscillationν

CKM
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DLC sputtering

28

炭素スパッタを用いた

本研究では、電極に高抵抗物質である炭素薄膜を用いた を開発した。前述したように、

は電極の高抵抗性によって放電を抑えることができる。 節のカプトン は電極が厚

いことで性能が低下していると考えられるため、電極を薄くできればよりよい性能をもつ に

なりうると考えた。

スパッタリング技術

本研究で開発した の製作には、スパッタリング技術を用いた。炭素をスパッタリングする技術は、高

抵抗電極を形成するための技術として 年に神戸大学が開発した 。

スパッタリングの原理について説明する。チェンバー内にアルゴンなどの不活性ガスを導入し、成膜材料で

あるプレート状のターゲットに負の電圧を印加してセットする。グロー放電によりガス原子がイオン化され、

そのイオンが電場によって加速されて高速でターゲットに衝突し、ターゲットの粒子が叩き出される。その粒

子たちがターゲットの反対側にセットされた基板やフォイル上に付着して堆積することで薄膜が形成される。

図 にスパッタリングの模式図を示す。スパッタリング法では高融点金属や合金など真空蒸着法では困難な

材料でも成膜が可能であり、様々な素材の薄膜を形成することができる。スパッタリングの長所には以下のこ

とがある。

付着力が大きく、物理的・化学的に安定している

スパッタ時間により膜の厚さを制御でき、それにより抵抗値を制御できる

大面積に対応できる

また短所として作成時間が長いこと、 実験の で使われているスクリーンプリント

技術などと比べてハイコストであることが挙げられる。

図 スパッタリングの模式図

先行研究 から に用いる高抵抗電極の面抵抗値は Ω 程度が適当であると考え、

においても同程度の抵抗値の電極を形成することにした。膜厚を厚くするほど炭素薄膜の面

抵抗値は小さくなっていくが、成分がカーボンのみの薄膜の場合には 程度の膜厚が表面抵抗値

Ω に相当する。カーボンはスパッタの効率が悪く、この膜厚の薄膜を形成するには ～ 時間かかるの

Polyimide
Diamond-Like Carbon

Carbon target

Ar gas

Electric 
field
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Spacer formation

29

Polyimide foil

Photo resist

Photo mask

UV-light

1. UV-light 
exposed

2. Development

Light-exposed region 

3. Pillars formed

4. Baking



Development of ultra-low mass and high-rate capable RPC based on Diamond-Like Carbon electrodes for MEG II experiment27 Sept. 2022

Efficiency vs gap thickness

30

ୈ ষ ୯Ϊϟοϓ ͷੑڀݚ

6.8 7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6
electric field [kV/mm]

0

10

20

30

40

50

60

e
ff

ic
ie

n
cy

 [
%

]

Gap thickenss

520 micron

435 micron

384 micron

370 micron

285 micron

efficiency vs electric field

ਤ ग़ޮͷΪϟοϓִؒґଘੑݕ

ਤ ઌڀݚߦ ͰͷɺҟͳΔΪϟοϓִؒͷ ͷൺֱɻ͔ࠨΒॱʹ ɺ ɺ ͷ୯Ϊϟο

ϓ ͷൺֱͰ͋Δ

͍Λ͍ࣔͯ͠Δɻ Ͱ৴߸͕ੜ͡Δిͷେ͖͕͞ҟͳΔͷɺ༻͍͍ͯΔΨεͷࠞ߹ൺ͕ҟͳΔނͰ͋

Δͱ͑ߟΒΕΔɻ۩ମతʹɺਤ ͷଌఆͷࡍʹද ͷ λΠϓʹ͍ۙΨεΛ༻͍͍ͯͨҰํͰɺࠓճ

λΠϓͷΨεΛ༻͍͍ͯΔɻ࣮ࡍʹ ʹΑΔͱɺຊଌఆͰ༻͍ͨΨεͷํ͕ಈి࡞ѹྖҬ͕େ͖͘ͳΔͣͰ͋

Δɻ

͜ͷҰ࿈ͷଌఆͷ݁Ռɺ୯͋ͨΓͰ ͷݕग़ޮΛୡ͢Δʹ ͷްΈͰෆेͰɺ ఔ

ͷްΈ͕ඞཁͰ͋Δ͜ͱ͕໌Β͔ʹͳͬͨɻ

Spacers: 

• 384 µm - photolithographic pillars 
• The others - fishing line
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Efficiency improved by stacking
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384 micron - 2 layer
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Calculated by 
ϵn = 1 − (1 − ϵ1)

n

90% detection efficiency is achievable

Gas mixture 
R134a/SF6 = 93/7
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Voltage drop evaluation
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Observe voltage drop of 110-170 V
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Calculated voltage drop

∇2δV(x, y) = Qmean(Veff) ⋅ f (x, y) ⋅ ρS

•  

•  for anode 

•  for cathode

Qmean = 2.3 pC

ρS = 60 MΩ /sq

ρS = 7 MΩ /sq

Details are shown in 
A. Oya, et al, “Development of high 
rate capable and ultra-low mass 
Resistive Plate Chamber with 
Diamond-Like Carbon”, TIPP2021



Development of ultra-low mass and high-rate capable RPC based on Diamond-Like Carbon electrodes for MEG II experiment27 Sept. 2022 33

Response to low-momentum μ+
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Voltage drop estimation

34
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Conductive pattern structure

Cr (1000 Å)

DLC (~1000 Å)

PI

Cu (2500 Å)

DLC (~1000 Å)

PI

Cr (50 Å)

1st trial Current structure

• Crack and removal of Cr 
• Cr surface oxidised

• No problem found੍ஔ౫崗嵕嵈崗嵑崫崗
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Many cracks found
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Cu

PI Much less cracks!

• Not trivial for metal to 
deposit on DLC 

•Cr can be well-connected
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DLC thickness

Ochi, A. et al. “Carbon sputtering technology for 
MPGD detectors”, PoS TIPP2014 (2014) 351
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Resistivity reduction by annealing


