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MEG II signal and background

l MEG II will search for μàeγ decay
• Identified by energy, timing and direction of e and γ

l Dominant source of background is 
accidental coincidence of BG-e and BG-γ mimicking the signal
• One of the dominant source of BG-γ is radiative muon decay

• Opposite direction
• ~ 52.8 MeV
• same timing 3

γ

accidental background
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radiative muon decay is
one of the source of γMimic signal when

e+ and γ behave as
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ୈ 4ষ

্ྲྀଆഎࣄܠ৅ಉఆ༻ݕग़ثͷ։ൃ՝୊

͜ͷষͰ͸ɺ্ྲྀଆഎࣄܠ৅ಉఆ༻ݕग़ثʹ͍ͭͯड़΂Δɻ͸͡Ίʹɺ͢Ͱʹ։ൃࡁΈͷԼྲྀଆͷݕग़ثʹ͍ͭ

ͯಛ௃Λड़΂Δɻ࣍ʹ্ྲྀଆʹ͍ͭͯɺԼྲྀଆͱͷ৚݅ͷҧ͍Λ঺հ͠ɺ্ྲྀଆ΁ͷཁੑٻೳΛ·ͱΊɺ։ൃ՝୊

Λࣔ͢ɻ

4.1 ᫔่ࣹյಉఆ༻ݕग़ثͷશମ૾

᫔่ࣹյࣄ৅༝དྷͷΨϯϚઢ͕৴߸ΤωϧΪʔྖҬʹೖΔ৔߹ʹ͸ɺͦΕʹ൐͏ཅిࢠͷΤωϧΪʔ͸େ൒͕

1 MeV∼5 MeVͱ௿͍஋ͱͳΔɻ3ষͰड़΂ͨΑ͏ʹɺݕग़ثपΓʹ͸࣓৔͕͔͔ΔͨΊɺ͜ͷΑ͏ͳ௿͍Τωϧ
Ϊʔͷཅిࢠ͸ਤ 4.1 ͷ੺ઢͰࣔ͢Α͏ʹඈ͢ߦΔɻͦͷͨΊɺݕग़ث΋ਤͷΑ͏ʹϏʔϜ࣠ΛऔΓғΉΑ͏ͳҐ
ஔʹઃஔ͞ΕΔɻ

Chapter 3

Radiative Decay Counter

The Radiative Decay Counter (RDC) is the new detector in the MEG II experiment which
is able to improve the sensitivity by identifying significant part of the background photons from
RMD. In this chapter, the detail of the RDC is described.

3.1 Principle of background identification

The concept of the RDC is illustrated in Figure 3.1. As previously mentioned, a positron
emitted from the target follows a trajectory along the gradient magnetic field, which is produced
by the COBRA magnet. When a high energy photon is emitted from RMD, a low momen-
tum positron of typically 2-5 MeV is also emitted. This positron does not enter the positron
spectrometer but it is swept away along the beam axis. The bending radius of these positrons
are smaller than 6 cm when the energy of the gamma-ray is greater than 48 MeV. Therefore,
the background photons from RMD can be identified by detecting the time-coincident low mo-
mentum positrons on the beam axis. The detectors can be installed at both upstream and
downstream of the muon stopping target. Figure 3.2 shows the expected hit timing di↵erence
of the RDC and the photon detector. The timing peak in the red line is corresponding to the
RMD events. The spread of the 6 ns (FWHM) mainly comes from the fluctuation of the time-
of-flight of positrons. According to the simulation result, 41% of total background photons can
be identified by installing two RDC detectors and thus the sensitivity is improved by 22%.

Figure 3.1: Schematic view of MEG II detectors
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ਤ 4.1 ᫔่ࣹյಉఆ༻ݕग़ث [15]ɻࠨӈʹࣔͨ͠ 2ՕॴͰ᫔่ࣹյʹ൐ͬͯൃੜ͢Δ௿ΤωϧΪʔཅిࢠΛݕग़͢Δɻ

4.2 Լྲྀଆͷݕग़ث

ͷ෼෍͸ਤؒ࣌ग़ݕͷΤωϧΪʔͱࢠग़͞ΕΔཅిݕͰثग़ݕ༺৅ͷ৔߹ʹɺ᫔่ࣹյಉఆࣄܠతഎൃۮ 4.2 ͷ
੺ઢͷΑ͏ʹͳΔɻΨϯϚઢͱཅిࢠͷࠩؒ࣌ʹ͍ͭͯ͸ཅిݕ͕ࢠग़ثʹ౸ୡ͢Δ·Ͱͷඈ͕͋ؒ࣌ߦΔͨΊɺ

ਤ 4.2(a)ͷΑ͏ʹͳΔɻΤωϧΪʔ෼෍ʹ͍ͭͯ΋ɺઌड़ͷΑ͏ʹ᫔่ࣹյࣄ৅༝དྷͷཅి͕ࢠ௿ΤωϧΪʔͰ͋
Δͱ͍͏ಛ௃͕ݱΕ͍ͯΔɻͦ͜ͰɺԼྲྀଆͷݕग़ثͰ͸ɺ᫔่ࣹյʹ൐͏ཅిࢠͷΤωϧΪʔͱݕग़ؒ࣌Λଌఆ

͢Δɻཅిࢠͷݕग़ؒ࣌ʹ͍ͭͯ͸ɺϓϥενοΫγϯνϨʔλΛ༻͍ͯɺΤωϧΪʔʹ͍ͭͯ͸ LYSO݁থΛ༻
͍ͯଌఆ͢Δ (ਤ 4.3)ɻ͜ͷݕग़ثͷಋೖʹΑΓMEG II࣮ݧͰͷ୳ײࡧ౓͸ 15%վળ͢Δɻ

Background identification detector

l Detectors to tag BG-γ 
from radiative muon decay
• Detect low energy positron (1-5MeV)

accompanying BG γ(~52.8MeV)

l Planned to be installed to 2 positions
• Upstream and downstream of the target
• MEG II sensitivity

Ø 2̶9%(study ongoing) improvement with upstream
(Only t measurement)

Ø 10% improvement with downstream
(E and t measurement)

• Upstream one is under development
à Todayʼs talk

Tag

Detect

4

Under development

already developed



Requirements to the upstream detector

1. < 0.1% !" material budget (beam must pass through the detector)
2. 90% efficiency for 1-5 MeV  positron
3. 1 ns timing resolution 

(RMD identification with the timing difference b/w positron & γ)
4. 108 μ/s capable high rate performance and radiation hardness

(108 μ/s with 21 MeV/c , >60 weeks run)
5. 20 cm (diameter) detector size (45% acceptance…total 90% incl. DS)

à Candidate: Ultra low-material RPC detector using Diamond Like 
Carbon (DLC)
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RPC based on DLC technology

l RPC: Gaseous detector with high 
resistive electrodes placed face to face

• Gas: R134a (Freon) based

• Gap thickness: 200μmー2 mm

l Diamond Like Carbon(DLC) is used for resistive electrodes
• DLC: high resistive material w/ mixed structure of

sp2 bond and  sp3 bond
• Advantages of DLC

1. low material à Sputter DLC on 50μm Kapton
2. Adjustable resistivity 

à Resistivity must be optimized for high rate environment
(Resistivity must be low to achieve high rate capability)

3. Multiple layers with lower voltage than conventional ones (next page)

• Development initiated by a group of Kobe Univ
6

DLC: chemical structure

Performance of conventional RPC
• time resolution < ns
• material: 1% X0 à must be improved
• Efficiency ~90% à still requires study
• rate ~kHz/cm2 à must be improved



Proposed design of RPC for MEG II

l Readout: Al
à aluminized Kapton will

be used on the top & bottom

l High efficiency can be achieved by
multilayer design
• n-layer efficiency: 
• From requirement on material budget,

4 layers at maximum
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-HV

-HV

-HV

-HV
+HV

+HV

+HV

+HV

Kapton (50 μm)

DLC sputtered on 
Kapton(~100 nm)

spacers (200-500 μm)

Al readout (~100 nm)

z

Material budget
l Kapton 50μm à 0.018 % X0
l Al 100 nm × 2枚à 0.0023 % X0

à < 0.1 % X0 is achievable

-HV & +HV
à common value
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Prototype detector design
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Performance

l Setup
• 384μm gap 4-layer RPC
• Operated with 10MΩ/sq resistivity
• Measured for 90Sr beta-ray
à rate is lower than MEG II environment

l Performance
• Efficiency: dependent on RPC voltage
• Timing: ~250 ps, 

weakly dependent on voltage
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Efficiency vs RPC operating voltage
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ü < 0.1% !" material budget
ü 90% efficiency for 1-5 MeV  positron
ü 1 ns timing resolution 
ü 20 cm (diameter) detector size

Ø 108 μ/s capable high rate performance and
radiation  hardness



DLC +HV

RPC under high rate environment 

l Current flowing on the resistive electrodes produces voltage drop
• The effective voltage between the gas gap is lower than the nominal one
à Degradation of detection efficiency
• Ref: G. Aielli et al 2016 JINST 11 P07014

lCurrent flows across the surface of the DLC
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Rate performance estimation

l Assuming the parameters tested in lab, voltage drop will be ~200V
1. Electrodesʼ resistivity: 10 MΩ/sq (Current operating condition)
2. Size of avalanche charge: 3 pC

(Assuming similar avalanche size as that of MIP)
3. Shape of the resistive plate: 20 cm in diameter
4. Beam condition: 108 μ/s with 21 MeV/c, gaussian beam(σ=2 cm)

à Not acceptable

l Required improvements for the studies above
• Reduce electrodesʼ resistivity to 1MΩ/sq level
• Measurement of the RPC response to low momentum μ

(Since the space charge effect is strong for RPC, saturation is expected)
12



Problem for lower resistivity 

l With 1MΩ/sq resistivity, suffer from frequent discharge
• Discharge appears typically @2.6̶2.9kV
à 40̶50% efficiency
• At least 3kV is required for 90% efficiency

l Electrodesʼ damages are found after discharge
• Pattern of the damage suggests discharge is frequent around the spacers
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Spacers(2.5 mm pitch)

DLC damage
(2.5 mm pitch pattern)



Investigation of the cause of discharge 

l Cause of the discharge is under investigation
• One possibility: Non-uniformity of electric field around the spacers
à Calculation of the electric field around them suggests this idea
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If spacer is slightly
floated, electric field
is strengthened

E field strength map
(cross sectional view)

Contour of the spacer
DLC

DLC

Spacers are attached on one side.
Made of photoresist, 
with relative permittivity~3
(400μm diameter, 384μm height)

Probably, point contacted
on this side.
(film thickness 50μm)



Possible solutions

l Fix discharge problem to reach nominal HV with low resistivity DLC
• The cause of the discharge must be better

understood

l Thicker gap
• Larger efficiency is easily obtained
• Discussion so far is based on 384μm design

l Other ideas ?
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Summary and Prospect 

l Developing ultra-low material RPC for MEG II experiment
• Tag BG-γ to improve the sensitivity
• Performance requirements have been met except for rate capability

l Ongoing study on RPC rate capability has been discussed
• W/ operating condition so far, rate capability is insufficient

Ø Large efficiency decrease under high rate environment
Ø Electrodesʼ resistivity must be smaller, but we suffer from discharge when 

sufficiently low resistivity electrodes are used
• Looking for a solution

Ø Investigation of RPCʼs discharge problem to enable low resistivity RPC
Ø Optimization of gap thickness or other solutions

l Need to confirm the signal saturation for low momentum muon
• Beam test @PSI planned this winter
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Backup
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ビームμとか

l粒⼦の拡がり
üビームの拡がりはσ=2 cm
ü輻射崩壊陽電⼦は 2.8 cm
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Result: Timing resolution for single layer 

l Single layer timing resolution is measured changing the gap 
thickness
• (Normally, 4-layer resolution is better)

l Timing resolution
• Determined from the timing difference

b/w RPC and reference counter
• RPC timing: 50% constant fraction  
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Result: Detection efficiency for single layer 

l Single layer efficiency is measured changing the gap thickness
• 40% single layer efficiency is required to achieve 90% w/ 4-layer
•
• For each thickness, measured

changing the operating voltage

l Efficiency
• Determined from the fraction of 

RPC hits in the triggered events
• RPC threshold = 10 mV

20

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
c
y
 [
%

]

Gap thickenss

520 micron

435 micron

384 micron

370 micron

285 micron

efficiency vs electric field

sufficient efficiency for
≽370μm thickness

ઌڀݚߦʹ͓͚Δ ͷੑೳ

ઌڀݚߦʹ͓͚Δ ͷੑೳ

͜ͷઅͰ͸ଞ࣮ݧͰͷ ͷ࣮੷͔Βɺయܕతͳੑೳ͓ΑͼɺੑೳΛܾΊΔཁૉʹ͍ͭͯड़΂Δɻ

ग़ޮ཰ݕ

Ͱ͸ɺυϦϑτڑ཭͕௕͘ͳΔʹैͬͯΞόϥϯγΣͷΫϥελʔ͕૿෯͢ΔɻͦͷͨΊɺిߴѹӄۃ෇ۙ

ͷݶΒΕͨྖҬͰ૿෯͕։ͨ࢝͠৔߹ʹͷΈे෼ͳ૿෯཰Λୡ੒͠ɺ৴߸͕؍ଌ͞ΕΔ͜ͱʹͳΔɻΑͬͯɺݕग़

ޮ཰͸͜ͷྖҬͷେ͖͞ʹΑܾͬͯ·ΓɺΪϟοϓִ͕͍ؒ޿΄Ͳޮ཰͕ྑ͘ͳΔɻ

ɺ୯૚ͷΪϟοϓͷτϦΨʔࡍ࣮ Ͱ͸ΪϟοϓͷްΈΛ ͱେ͖͘औΔ͜ͱʹΑͬͯɺ࣮ࡍʹ

ఔ౓ͷݕग़ޮ཰͕ใ͞ࠂΕ͍ͯΔɻҰํͰɺޙड़ͷΑ͏ʹΪϟοϓΛബ͘͢Δͱؒ࣌෼ղೳ͕ྑ͘ͳΔͷ

Ͱɺؒ࣌෼ղೳΛྑ͍ͨ͘͠৔߹ʹ͸খ͍͞ΪϟοϓͰ Λ૊ΈཱͯΔ΂͖Ͱ͋ΔɻλΠϛϯά ͸͜ͷΑ

͏ͳྫࣄʹ౰ͯ͸·Δ͕ɺ୯૚Ͱͷޮ཰͕ѱ͍ͱ͍͏ܽ఺ΛΧόʔ͢ΔͨΊʹੵ૚͠ɺશମͷݕग़ޮ཰ΛߴΊΔɻ

ੵ૚ͨ͠৔߹ͷݕग़ޮ཰վળͷৼΔ෣͍͸ɺҎԼͷࣜͷΑ͏ʹͳΔ͜ͱ͕஌ΒΕ͍ͯΔ ɻ

εn = 1− (1− ε1)
n

͜͜Ͱɺ ͸Ϊϟοϓ਺͕ ͷ৔߹ͷݕग़ޮ཰Ͱ͋ΔɻλΠϛϯά ͷ৔߹ʹ΋ɺ͜ͷΑ͏ͳੵ૚ԽʹΑͬͯ

ʹࡍग़ޮ཰Λୡ੒Ͱ͖ɺ࣮ݕ͍ߴ ఔ౓͔Β΄΅ ͷݕग़ޮ཰͕ใ͞ࠂΕ͍ͯΔɻ

ग़ޮ཰ʹ͍ͭͯ͸ɺΨεʹର͢Δґଘੑ΋஌ΒΕ͍ͯΔɻΞϧΰϯΨεΛ༻͍ͨετϦʔϚʔϞʔυͷݕ Ͱ

͸ ͷ୯૚Ϊϟοϓͷ΋ͷͰ ͷݕग़ޮ཰ͱɺઌ΄Ͳड़΂ͨτϦΨʔ ͱൺ΂ͯྼΔɻ͜Ε͸ɺΠΦϯ

Խͨ͠ࡍʹੜ͡ΔిࢠΠΦϯରͷ਺͕ΨεʹΑͬͯҟͳΔ͔ΒͰ͋ΔɻΞϧΰϯ͸ϑϩϯΑΓ΋͜ͷ਺͕গͳ͍ͨ

Ίɺ์ࣹઢͱͷ൓Ԡ͕͖ͮىΒ͘ݕग़ޮ཰ʹྼΔɻ

෼ղೳؒ࣌

ͷؒ࣌෼ղೳ͸ɺి͕ࢠΨεͷதΛυϦϑτ͢Δؒ࣌ʹΑܾͬͯ·ΔɻҰൠతʹ͸ɺബ͍Ϊϟοϓͷ

Ͱ͸υϦϑτ͢Δڑ཭͕୹͘ͳΔ෼ؒ࣌෼ղೳ͕ྑ͘ͳΔɻ·ͨɺੵ૚Խ͢Δ͜ͱʹΑͬͯؒ࣌෼ղೳ͕վળ͢Δ

͜ͱ΋஌ΒΕ͍ͯΔ ɻଞ࣮ݧͰ͸ɺ୯૚Ͱ͍޿Ϊϟοϓߏ੒ͱͳΔτϦΨʔ Ͱ͸ ఔ౓ɺෳ਺૚Ͱ͍ڱ

Ϊϟοϓߏ੒ͱͳΔλΠϛϯά ʹ͍ͭͯ͸਺े ఔ౓ͷؒ࣌෼ղೳ͕ͦΕͧΕใ͞ࠂΕ͍ͯΔɻετϦʔ

ϚʔϞʔυͷ ʹ͍ͭͯ͸ɺΞϧΰϯΨεதͰ͸υϦϑτ଎౓͕খ͍͞ଞɺετϦʔϚʔ͕ੜ͡Δؒ࣌ͷ͹Βͭ

͖͕ଘ͢ࡏΔͨΊɺؒ࣌෼ղೳ͸͞Βʹѱ͘਺ ఔ౓ͱͳΔɻ

Ϩʔτ଱ੑ

Ͱ૿෯ͨ͠ిࢠ͸ɺ࠷ऴతʹߴ఍߅ͷϓϨʔτΛྲྀΕΔɻͦͷͨΊɺ૿෯͕ൃੜͨ͠෦෼ʹҹՃ͞ΕΔి

ѹ͕ہॴతʹখ͘͞ͳΔΑ͏ʹಇ͘ɻ͜ΕʹΑΓ์ిΛ཈੍ͨ͠ΦϖϨʔγϣϯΛՄೳͱ͍ͯ͠Δ͕ɺ͜Ε͸ಉ࣌

ΛྲྀΕ੾ͬͯΪϟοϓ಺෦ͷి৔͕ճ෮͢ۃి͕ࢠҼͱͳΔɻͳͥͳΒɺిݪ਺཰ͰͷଌఆΛۤखͱ͢Δܭߴʹ

Δ·Ͱͷؒ͸ෆؒ࣌ײͱͳΔͨΊͰ͋ΔɻΞόϥϯγΣϞʔυͷ Ͱ͸ɺయܕతʹ ɺྑ͍΋ͷͰ͸

·ͰͷϨʔτ଱ੑ͕ใ͞ࠂΕ͍ͯΔ ɻ͜͜Ͱ͸ɺ͍ߴϨʔτ଱ੑΛୡ੒͢ΔͨΊʹɺ఍߅ମͷମ

ੵ఍߅཰Λ ͱ௿͍ͯ͘͠Δɻ

ͨͩ͠ɺݕग़ؒ࣌͸େ͖ͳ૿෯཰Λୡ੒ͨ͠Ϊϟοϓ͔Βͷد༩Λେ͖͘ड͚ΔͨΊɺੵ૚Խͨ͠৔߹ͷؒ࣌෼ղೳͷվળ͸୯७ͳ
ͰͷεέʔϧͷΑ͏ʹ͸վળ͠ͳ͍

Maximum voltage
(to avoid discharge)



Trash
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Parameters relevant to rate performance

l Dependent on following factors
1. Electrodesʼ resistivity
2. Size of avalanche charge
3. Shape of the resistive plate 

à 20 cm in diameter

4. Beam condition
à 108 μ/s with 21 MeV/c, gaussian beam(σ=2 cm)

l With parameters as follows, good rate capability is expected
• Electrodesʼ resistivity: 1MΩ/sq
• Size of avalanche charge: 1 pC

à Result in 25V voltage drop at maximum (< 10 % efficiency loss)
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More detailed study required
(following slides)
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HV contact
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Study on the avalanche charge 

l Measured using 90Sr beta ray

• 3 pC on average at 3 kV for 384μm gap

• Similar result is reported in 
G. Aielli et al 2016 JINST 11 P07014

l In MEG II experiment, rate capability
against 21 MeV/c muon is relevant

• Larger ionization is expected for muon

l Measurement using low momentum muon is necessary to
look into the rate capability in MEG II experiment

à Planning a measurement using muon beam this year @PSI
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Efficiency under more realistic assumptions 

l For both of the following scenarios, 40̶50% efficiency is expected
• Operate RPC with 10MΩ/sq DLC at 3kV (voltage drop will be 200V level)
• Operate RPC with 1MΩ/sq DLC at 2.9kV (voltage drop will be 30V level)
• These results use the avalanche charge measured for 90Sr electron

…This might become worse with the muonʼs larger ionization
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3kV
3pC

2.8kV
0.5pC

2.9kV
1.5pC 10MΩ/sq case:

The effect of voltage drop is taken into account
when calculating current flowing the electrodes

3kV HV supply is connected around the electrodes



Rate performance estimation

l Assuming the parameters tested in lab, voltage drop will be ~200V
1. Electrodesʼ resistivity: 10 MΩ/sq (Current operating condition)
2. Size of avalanche charge: 3 pC

(Assuming similar avalanche size as that of MIP)
3. Shape of the resistive plate: 20 cm in diameter
4. Beam condition: 108 μ/s with 21 MeV/c, gaussian beam(σ=2 cm)

l aa
à Not acceptable. Electrodesʼ resistivity must be lower

(*) : In other studies, avalanche size is measured with MIP, 
whereas avalanche size for 21MeV/c muon is relevant in our case.
à Expecting RPCʼs well-known strong saturation effect, 

we are planning a measurement @PSI
25


