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MEG II experiment

» Searches for u* — e*y decay at Paul Scherrer Institute (PSI)

+  u* - e*yisacharged lepton flavor violating channel

1 Signal events ~

MEG II apparatus
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COBRA
superconductive magnet
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Liquid xenon photon detector
(LXe)

52.8 MeV
\- J

| Main Background N

Accidental coincidence between BG-e* and BG-y
V 4

Radiative Decay Counter
(RDQ)
52.8 MeV

\pixelated timing counter
(pTC)

Muon stopping target

Cyli‘ndrical drift chamber
(CDCH)




Identification of background y-rays

» Radiative Decay Counter (RDC) for background suppression
=> Identifies background y-rays from radiative muon decay Q
by detecting low-energy e* emitted simultaneously T Identified
(> 48 MeV)
For upstream RDC, j
a high-intensity and low-momentum pu* beam passes through it
7 x 107 u* /s 28 MeV/c Detected
(1-5 MeV)
» Requirements for upstream RDC
Material budget: <0.1% X,
Rate capability: up to 3 MHz/cm? et
Radiation hardness: 20 weeks of operation COBRA

Superconductive magnet

Detection efficiency: > 90 % 0////////////1///////1///////////////// / W

Timing resolution: <1ns Upstream Downstream
, RDC RDC
Detector size: ¢ 16 cm N
e’ from RMD
K\_@Target
ut beam
/ e’ spectrometer \
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DLC-RPC for upstream RDC

» Resistive Plate Chamber with Diamond-Like Carbon electrodes

*  Consists of thin-film materials

DLC-RPC structure

. Aluminized for substrate
» Prototype electrodes in 2024 - /
~HV
* 365 %+ 5 pm thickness of spacer
* 6 — 15 MQ/sq surface resistivity of DLC Damon
. : Freon-b

- Conductive strip structure B +HV

(0.2 - 1.0 mm width of protection cover) ' /'

Prototype electrode

Diagonal view of spacer

Spacers in 2.5 mm pitch Protection cover (75 um)

Conductive strip structure

/ Copper
Chromium
i DLC

Protection cover :
(0.3 mm width in this photo) § Polyimide (50 um)
& KA SN Kow,  of 2

S
3 X 3 cm? | =

active region Conductive strip

(0.1 mm width) |
Wl BT

DLC
N on polyimide



Conductive strip for high-rate capability

» Rate capability is determined by the magnitude of the voltage drop

Large current on the resistive electrode at a high-rate environment
=> Voltage drop 6V reduces effective applied HV Veir => Gas gain reduction

6V_ Polyimide
<imzcoocoos > Segmented HV supply geometry
— HV <
Current i DLC

¢ 16 cm
active region

Veff - HV - 6V+ - 6V_

Avalanche

V28V (x,¥)|= Qmean Vesr) X f(x,y) X|ps

HV supply should be segmented  Low resistivity caused
instability

HV supply

Qmean : Average avalanche charge for u* beam at effective applied HV
f : Hit rate
Ps : Surface resistivity of DLC



Acceptable voltage drop

» The DLC-RPC for MEG II will consist of 4 active layers

The material budget requirement limits the active layer

Efficiency [%o]

Voltage [kV]

Detection efficiency of each layer needs to be more than 45 %
e, =1—(1-€)" €y n-layer efficiency (> 90 %)
Single-layer efficiency for MIP e* Example calculation of voltage drop 6V
100¢ ™ ~ L B e s s
T ! g ! > 140F ' ' [ sum
90 :—- me e e s e, E ---------- ; -------- % : —_— Anode
PPN S SO S e £ 120 E
: : : & [ i -
70 :_ ........................ . ...... 60 % at 2.75 kV % 100__| :__
C . . 1 1]
60:‘ ......................... P .9 > 80__i :__
|| A U SUUSE J o i
: —— 60| =
40 ---------- ----- . " Voltage drop can be acceptable C i i ]
R]|| SRR ERREEERPRE SERPERPPS ; up 10,150 V 40_—: i—_
C . [ . . | -
20 ;_ .............. ................... P . 20 - i i_‘
10 z_. o i ---------- é. ) 45 % at 2.6 kv ST : : I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 i :
0' 1 i L1 1 1 i L1 1 ¢ L1 1 i P = T | 0 : _0.4 _0.2 0 0.2 0.4 i Cathode
2.4 2.5 2.6 2.7 2.8 Agodte Position [cm] conductor
conductor

Voltage drop 8V will be down to ~ 140 V in the 3 MHz/cm? u* beam with

* surface resistivity: 25 MQ/sq
» distance of conductor: 1 cm



Previous studies

» Reported at the JPS meeting in autumn 2024 (18awA203-6, 18aWA203-7)

- Investigation of the discharge quenching capability with different protection cover widths

*  Adequate voltage could be applied with minimum width (0.2 mm)

/ Protection cover ) \

DLC

Results with each protection cover widths

Cover width | Resistivity | Effective resistance | Maximum voltage
w (mm) ps (MQ/sq) Ranode (MQ) (kV)
0.2 13.8 23 2.64 Required voltage: 0.1 mpA width
0.8 6.75 79 2.65 26kV T HY

Effective resistance R, 04e 1S @ resistance

in a covered region:
KRanode =psXW/L, L=30mm

+  Discharges occurred during long-term operations and prevented operations

*  Measured stabilities in long-term operations

Z 2500
. . & 2000 !
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500 .
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Today's topics

» Need further investigation of strip structure and long-term operations

1. Discharge quenching capability under higher intensity irradiation

(This talk, SEE 3} 18aT2-1)
A higher intensity of -rays was used

Intensity is locally equivalent to 1 — 10 MHz/cm? (previous: 10 kHz/cm?)
To validate the effective resistance dependency, increased cover width variation
2. What are the causes and measures for discharges in long-term operation?

(FAANZ 18aT2-2)

Investigation of causes for discharge problems

Investigation of operating parameters for stable operations
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Motivation of this test

» How wide does the protection cover need to be to apply a voltage that

will obtain adequate detection efficiency?

*  Short distance to conductors makes strip construction prone to electrical discharges
- Reduces a maximum operating voltage

+ In addition, voltage drop 8V by the u* beam will also reduce an effective voltage

=> The efficiency requirement must be met with this voltage reduction

Less distance

Large avalanche ~ for discharge quenching

(Discharge)

Protection cover

/

Conductive strip

DLC

==

Quench large current with resistive electrode

Detection efficiency [%]

sk (o) 7] S wn [=2) \l
[—] [—] [—] < < [—] [—]
TT T T[T I T T[T I T T[T T T T[T T T T[T T T T [TTTT

=]

Single-layer efficiency for f-rays

Efficiency must be above
this line

45 % at 2.5 kV

[ ]
¢ o Y

2.2

2.4 2.6 2.8
VI

Applied voltage [k



Test setups: electrode configuration

» Different widths of protection cover were used (0.2 mm - 1.0 mm)

» Strip structures were installed on the anode and cathode side alternately

Cross-section schematic of a gas gap geometry

Installed hand-made cathode strips

r Cathode strips\‘

Cathode strips with polyimide tape cover

————————
—

\
Anode conductive strip
with protection cover

25 mm pitch

Schematic of discharge around strip structure

Rcathode

current path E

Outside of cathode strips is covered 4

Discharge i

with polyimide tape Ranode
Ranode(cathode) 1S effective resistance

that works on quenching against discharges around anode strip



Test setup: measurement setup

Gas composition
(C,H,F,/SF¢/iCH,, = 94/1/5)

? GND
Readout electrode
(Aluminized polyimide) + HV
N &«

& Activeregion

] \] i\ (3 cm X 3cm) D
5

9051-

Trigger counter

|

|

|

R

I B-ray
|

|

» High intensity f-ray source at PSI

- —

Waveform digitizer
(DRS4)

Example waveform )

;' 150
| E
3 10 E k 20 ns
{ E sof < »
o N Lo
* Local intensity: equivalent to 1 — 10 MHz/cm? LY w i
* dE/dx of B-rays is about 1/10 of beam pu™* -50 .
. . + —20 0 20 40 60 80
=> Up to 1/3 the intensity of the u™ beam Time [ns]




Performance for high-intensity f3-rays

» Measured pulse heights and detection efficiencies for triggered events

Pulse spectra measured at PSI

Comparison of detection efficiencies

[—
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S
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1 RPC HYV (efficiency)
I —— 2300 V (16.8 %)
: —— 2400 V (36.2 %)
—— 2500 V (49.2 %)
—— 2630V (60.1 %)

S
n
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Detection efficiency

&
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Normarized events / (8§ mV)

.
—

S
)

Do
AN

Hit rate

A 1-10 MHz/cm?

0(10) kHz/cm?

i

0! 0.2 0.4 0
v

30 mV signal threshold

0.8
Pulse height [V]

. 24 2.5 2.6
Applied voltage under 970 hPa [kV]

> Performance was consistent across measurements at two different hit rates

Applied voltages were converted by the relationship between electric field and pressure (E/p)




Result of measurements

» Measured whether a target voltage has been reached with different widths

Target voltage: a voltage exceeding the required efficiency even after considering voltage drops

by the u* beam

Voltage drop: calculated by configurations (resistivities and distance of conductors)

Cover width [——— IR Disenceof | R | Result
0.2 mm 11.8MQ/sq | 11 MQ/sq 125 mm | 0.02MQ [|4.6 MQ|| Notreached
0.2 mm 11.8MQ/sq | 14 MQ/sq 14mm | 0.02MQ ||6.5MQ|| Notreached
0.3 mm 13.5MQ/sq | 11 MQ/sq 125 mm || 0.05 MQ || 4.5MQ | Notreached
0.4 mm 14.5MQ/sq 14 MQ/sq 14 mm || 0.07MQ || 6.5 MQ v
0.6 mm 11.0 MQ/sq 14 MQ/sq 14 mm 0.09 MQ || 6.4 MQ v
1.0 mm 10.0MQ/sq | 11MQ/sq | 145mm |/ 0.15MQ || 5.2 MQ v

Rcathode

>  Ranode > 0.07 MQ is needed for quenching discharges

> Rcathode did not seem to be effective for quenching

This asymmetric quenching capability might be related to
mobility of charges at each electrode (Ions/electrons)

Discharge
current path




Discussions on parameters

» Parameter optimization

Optimized parameters: Strip pitch, Resistivity, Cover width

Constraints: Voltage drop, Effective resistance, Occupancy
8V =100-150V Ranode > 0.07 MQ

» Example of parameter settings

- Conditions Resistivity: 20 MQ/sq
3 cm X 3 cm of active region - SV ~110V
Strip pitch: 10 mm *  Rinode ~ 0.1 MQ

Cover width: 0.4 mm

Parameters will be optimized,
and a full-scale design will be finalized soon




Summary and prospects

» DLC-RPC is being developed for background suppression in MEG II

Consists of thin-film materials due to a high-intensity and low-momentum pu* beam
Needs to detect low-energy e™ in the u* beam

» Measured the discharge quenching capability at strip structure
under high-intensity f-rays

Local intensity of B-rays was equivalent to 1 — 10 MHz/cm?
For the discharge phenomena around the strip structure,

anode-side effective resistance R_,,4. Needed to be more than 0.07 MQ

cathode-side effective resistance R ,iho4e did not contribute so much

=> Optimize the resistivity and cover width in an actual design
to meet this resistance value in the future

Including a safety factor

Minimum requirement is R,j04e > 0.07 MQ => Considering safety factor 3: > 0.2 MQ

» Investigation of the problems and measures in long-term operation
- See next talk (¥8A K2, 18aT2-1)
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DLC-RPC

Structure and principle of Resistive Plate Chamber (RPC)

1) Particle incident
Readout electrode /

[ VA ]

—HV

Freon-base gas
@ 2) lonization and
avalanche

Graphite

coating +tHV

y A 1
Particle / . . .
3) Signal induction

» Discharges can be suppressed by
voltage drops of high resistivity electrode

Y

Fast time response and good time resolution by
no drift region and thin avalanche gap
»  High detection efficiency can be achieved by

stacking active gas gaps
‘ en=1—-(1-¢)"

Y

Structure of the DLC-RPC

Aluminized for substrate /

v 4

—HV
Diamond-Like Carbon ()

+HV

Diamond-Like Carbon (DLC) is used as
a resistive electrode

Ultra-low mass design

Aluminized polyimide is used as substrates of
detector

DLC is sputtered onto thin polyimide film



Conventional RPC and DLC-RPC

» Differences between conventional RPCs (glass RPC) and DLC-RPC (surface RPC)

Conventional RPC DLC-RPC
R +HV
.
0 Avalanche +HV
. Avalanche
Ver =HV =6V, = 6V_ s Vg=HV -6V, —6V_

Current i

A4 Current i Ly
A4l High resistivity plate tI ..........
.

6V = QmeanVere) - f(x,¥) - py - t V26V = Qmean Vete) - f(x, ) - ps




Discharges around the strip

A sample with the most terrible damage

Smoothness was lost in one part of the cover

2025%3818H BARPEBER2025FEFKE —18aT2-1 &8 E3}



et and u* distributions

» MC simulation

x10°

T T T T T T T T T T T T T T I T T T T T T T T T N
: : Entries : 46884 |/
AA. ........... AAAAAAAAAAAAAAAAAAA x z,li(ﬁ AAAAAAAAAAAAAA 1A.255é+06 [591 I
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Mean 0.005876 %:0.000209 I

Slgm32039:0000 1
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DLC-RPC for MEG II

» Up to 4 active layers
* Limited by material budget

Al readout strip
(30 nm) —»

DLC +HV
o(16 Ma/ea) HY
Tiv
—HV
Spacing pillars —— HHY
25 man e | — *—HV
¢ 16 cm
Material Material budget
Polyimide 50 pm 0.0175 % X,
Aluminum 30 nm 0.0034 % X,
Gas 2 mm ~0.001 % X,
DLC ~100 nm negligible




» Definition of R,,04e/ Reathode

Surface resistivity ps = R X w/l & R = pg X l/w

(w — 0.1 mm)

Q. =

2

/

d: length of the strip (= 30 mm)
0.1 mm is a width of the conductive pattern

<>
0.1 mm

Protection cover
/ Conductive strip

DLC

w

Ranode

+HV

Current

R cathode

Rcathode = PS cathode (fpitch -

/.

(w—-0.1 mm)>

SN

_H

fpitch




Voltage drop calculation

> Voltage drop at (x,y) [ NP —— _TFolyimide fim

< DLC
. 2 — Current
VoV (x, y) = Qmean(Veff) X f(x; y) X Ps
Qmean (Vegr): Average avalanche charge Vogg = HV — 6V, — 6V_
*  f(x,y): Hitrate at (x,y) Avalanche
ps: surface resistivit
y + HV
PR ————— >
oV,
Average avalanche charge for u* beam — 120— - ——
Y | e e e e e e s E . T :\:.:detls.l] MOsq) Anode: 15 MQ/ sq
ER: | . g- 100l — cumaensonosy | | Cathode: 14 MQ/sq
& 3.5 ] < - -{ | Distance: 12 mm
E C ’ ] @ B 7
G e SH— %ﬂ L _
T . % 80 ~=>— | Active region: 3 cm X 3 cm
- C . B 7
< 2 ; : 60r 7
LS ® B _E K ]
L : 1 40 ]
0:’ B |
24 2.5 2.6 2.7 2.8 B 7

Voltage [kV] %05 o o5
Anode strip Position [cm]



Requirements and current status

» DLC-RPC needs to detect low-energy e™ in a high-intensity and
low-momentum u* beam
Signal ;e with1 — 5 MeV
Background :pu” with 28 MeV/cat7 x 107 u* /s

Contents Requirements Reached specs
Material budget <0.1% X, 0.095 % X, with 4 active layers (in design)
Rate capability Up to 3 MHz/cm? 1 MHz/cm?
Radiation hardness ~ 100 C/cm? Investigated up to ~ 54 C/cm?
Detection efficiency | > 90 % for MIP 50 % with single-layer
Time resolution <1ns 180 ps
Detector size ¢ 16 cm 2 x 2 cm? of active region

» Performances were measured using prototype electrodes

Used the DLC-RPC electrode with ~ 40 MQ/sq and 2 cm X 2 cm of active region
Ref) ’


https://doi.org/10.1016/j.nima.2024.169375
https://www.sciencedirect.com/science/article/pii/S0168900224004352

Photolithographic technology
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Space charge effect




Streamer

Secondary
Secondary avalanches
. electrons ’
Field lines Field lines Photons

+
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Avalanche Avalanche Avalanche



Sputtering process
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