Research and Development efforts
for Gaseous Detectors




Innovation (in Detector Development)

A Development of new or significantly improved scientific concepts , methods , instruments , or
technologies .

A Has potential to create added value for scientific research (e.g. enhancing precision, sensitivity,
scalability, or performance) and/or to open new opportunities for measurements, understanding
and/or discoveries.

A Supported by evidence of feasibility, such as analytical studies, simulations, prototypes, or
experimental validation.
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Introduction

Part |

A Innovative solutions in gaseous detectors  : a selection of past examples from which we may
draw useful lessons for the future

Part Il

A Overview of Application Driven strategic R&D in Gaseous Detectors

A R&D framework and tools to push forward innovative detector-based innovative solutions
(including Gas and Material studies, Modelling and Simulation, Electronics, Manufacturing Techniques,
Testing Facilities )
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Gaseous Detectors : where to look for innovation..

Primary lonization

Charge Transport and Amplification Signal Readout
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Direct or indirect primary ionization, With or without gain, at low or high gain, Charge and/or photon detection, in
driven by what we need to detect and with small or large dynamic range, multichannel or single-channel
by measurement requirements. proportional or not depending by configurations, driven by measurement
measurement requirements. requirements.
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Gaseous Detectors: where to look for innovation..

Primary lonization Charge Transport and Amplification Signal Readout

ARGON (1997)
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Materials from the DRD1 Gaseous Detector Schools

Gas Detector Physics
https://indico.cern.ch/event/1522987/contributions/6665472/attachments/3135623/5563693/MWPC%20TO%20MPGD%20CERN%20SCHOOL25.pdf
https://indico.cern.ch/event/1522987/contributions/6573052/attachments/3140548/5574024/gasik DRD1 school 25.pdf
https://indico.cern.ch/event/1522987/contributions/6427881/attachments/3136971/5566450/ketzer gasdetphysl sub.pptm

MPGD Technologies
https://indico.cern.ch/event/1522987/contributions/6573026/attachments/3137813/5568135/MPGD-technologies-2025.pdf

M(RPC) Technologies:
https://indico.cern.ch/event/1522987/contributions/6573027/attachments/3137271/5567043/Abbrescia@DRD1School2025.pdf

Wire Based Technologies:
https://indico.cern.ch/event/1522987/contributions/6573040/attachments/3137817/5568140/PW-Wires-2025.pdf

Large amount of material, covering relevant and different aspects at the school's links:
DRD1 Gaseous Detectors School 2024: https://indico.cern.ch/event/1384298/
DRD1 Gaseous Detectors School 2025: https://indico.cern.ch/event/1522987/
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https://indico.cern.ch/event/1522987/contributions/6573040/attachments/3137817/5568140/PW-Wires-2025.pdf
https://indico.cern.ch/event/1384298/
https://indico.cern.ch/event/1522987/timetable/#all.detailed

Part |

Innovative solutions in gaseous detectors: a selection of past examples from
which we may draw useful lessons for the future.
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Example s of Innovative Solution in Gaseous
Detectors

1. New or significantly improved scientific concepts enabled by
knowledge in detector physics : Timing detectorse T hese coul d
have been devel oped even some tiI me &

2. New or significantly improved scientific concepts enabled by
technical expertise and technology : Resistive elementsé T h e s e
became feasible thanks to new technologies, new techniques, and
coll eagues with the appropri ate expe
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New or significantly improved scientific concepts
enabled by knowledge in detector physics
Timing Detectors




Innovation for timing detectors

First example: GEM based detectors

A Optimizing time resolution by a factor of 37 4 with MIPs & leading to the LHCb muon chamber M1.

Second example: RPC

A Pushing the time resolution by a factor of 107 100 with MIPs 8 leading to the multigap RPC.

Third Example: Micromegas based detectors

A Pushing the time resolution by a factor of 100i 1000 with MIPs 8 leading to the PICOSEC Micromegas

Aiming at tens of ps
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1. LHCb muon station M1 - Requirements

v 1 va S Rate Capability: up to 500kHz/cm2

Radiation hardness: 6C/cm2 in 10 years @10k Gain

Low material budget

Cluster Size < 1.2 for a 10x25mm 2pad size

I5m w2 Station (Tracking and Triggering) Efficiency: >96% in 20ns

Y

High-rate particle triggering with triple-GEM detector, Alfonsi et al., NIMA 518, 106-112
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Existing Technologies and proposed Innovation

LHCDb studies of Triple GEM detectors for the tracker

1 LHCDb 98-068 TRAC
30 December 1998

X-ray Tests of Double and Triple-GEM Detectors
for the LHCb Inner Tracker

B.Bochin, A Kashchuk', V.Poliakov, A.A.Vorobyov

Abstract
Gas gain and operation stability of the detectors based on the Double and
Triple-GEM (Gas Electron Multiplier) str were studied with the X-rays.

The tested detectors had the sensitive arca of 100 cm”’. To stimulate discharges in
the detectors, a gaseous O-source was introduced into the gas mixture. The
measurements  show that the Double-GEM chamber filled with the
Ar(70%)+CO,(30%) gas mixture was operating without discharges up to the
effective gas gain of 1x10°, while the Triple-GEM chamber could operate up to
the gain of 4x10°.

LIntroduction

The Gas Electron Multiplier (GEM) [1] might be a promising option for the
LHCb Inner Tracker. The LHCb Technical Proposal [2] describes the
GEM/MSGC combination as a basclinc option for the LHCb Inner Tracker. In this
combination, GEM is used as a preamplifier to MSGC. It seems also natural to
consider a detector based on GEM only, without MSGC. In this case a Single,
Double or Triple-GEM structure is just followed by a simple printed circuit board
(PCB) with strips as the readout clectrode. Such detector was a subject of intense
investigations during last two years, with quite encouraging results [3-13]. High
spatial resolution and rcasonable time resolution, nonflamable gas mixture,
possibility to operate with very high particle fluxes are the attractive features of
the detector. On the other hand, there is some concern over GEM behaviour in the
presence of heavily ionizing particles. Also, GEM ageing properties should be
better understood. Our goal is systematic study of various options of the GEM-
based detectors with the purposc to understand whether this detector could be used
in the severe background conditions of the LHCb Inner Tracker and satisfy all the
requirements. Here we report the results of the X-ray tests of the Double and
Triple-GEM detectors filled with Ar/CO, gas mixturc with an admixture of the a-

http://cdsweb.cern.ch/record/684669/files/Ihcb-
98-068.pdf

Development of a
Triple GEM Detector
for the LHCb Experiment

Dissertation

Zur

Erlangung der naturwissenschaltlichen Doktorwiirde

(Dr. sc. nat.)
vorgelegt der
Mathematisch-naturwissenschafltlichen Fakultat
der
Universitit Ziirich
VOor
Marcus Ziegler

ans

Dentschland

Begutachtet von

Prof. Dr. Ulrich Straumann
Prof. Dr. Fabio Sauli

Zirich 2002

https://cds.cern.ch/record/705790/files/thesis-

2004-006.pdf

NUCLEAR
INSTRUMENTS
& METHODS
IN PHYSICS
RESEARCH

Secton A

EILSEVIER Nuclear Instruments and Methods in Physics Rescarch A 488 (2002) 493-502

wwwelseviercom/locate/nima

A triple GEM detector with pad readout for high rate
charged particle triggering

G. Bencivenni®, G. Felici®, F. Murtas®, P. Valente®, W. Bonivento™*, A. Cardini®,
A. Lai®, D. Pinci®®, B. Saitta®™®', C. Bosio®
* Laboratori Nazionali di Frascati-INFN, Frascati, Italy
P Sezione INFN di Cagliari, Cagliari, Italy
“ Universita degli Studi di Cagliari, Cagliari, Ttaly
9 Sezione INFN di Roma, Roma, Italy

Received 10 July 2001; received in revised form 17 January 2002; accepled 18 January 2002

Abstract

In this paper, results of a time performance study of triple gas clectron multiplier (GEM) detectors are discussed.

This study was driven by an R&D aclivily on deleclors for the Level 0 LHCb muon trigger. However, Lhe resulls
presented in this paper are of more general interest, i.e. for experiments with high rate charged particle triggering.

Little interest was given so far to time performance of GEM detectors. Only one group measured double GEM
detector time resolution with the Ar/CO; (70/30) gas mixture.

Our study aimed al triple GEM delector oplimisation for good time performance through a detailed investigation of
the role played by detector geometry, electric fields and gas mixture.

The results reported here, in particular when using the gas mixture Ar/COy/CF4 (60/20/20), considerably improve
the time performance discussed in the above-mentioned paper and make the triple GEM detector a promising option
for high rate charged particle triggering. @) 2002 Elsevier Science B.V. All rights reserved.

https://doi-org.ezproxy.cern.ch/10.1016/S0168-9002(02)00515-6

Our study aimed at triple GEM detector optimization
for good time performance through a detailed
investigation of the role played by detector geometry,
electric fields and gas mixture .

CERN
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Intrinsic Time Resolution at leading edge
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The time performance of a GEM-based detector is comelated with the statistics of the
cluster ? in the drift gap.
The general expression for the space-distnbution of the cluster j created at distance x from
the first GEM, 1s [33]:

i
(7 -1
where 71 18 the average number of clusters created per umit length. For a given drift velocity
mn the diift gap, vy, the probability-distribution of the arrival times on the first GEM for the

cluster j gives:

Af(z) = e (3.7)

)

Pi(ta) = AT(vala) (3.8)
Specifically for the first cluster produced closest to the first GEM (7 = 1):
1

-y

P(ts) =7-e™4 = g(ly) = (3.9)

The latter gives the fnfrinsic value for the time resolution of the detector if the first cluster is

always detected.

A M. P. Lener, Triple-GEM detectors for the innermost region of the muon apparatus at the LHCb experiment,
Doctoral Thesis, https://cds.cern.ch/record/940631/files/thesis-2006-013.pdf

A Ref. to Sauli 77, Principles of operation of multiwire proportional and drift chambers , https://cds.cern.ch/record/117989
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Gas & Field Optimization
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I B. Smirnov, Nucl. Instr. and Meth. A554(2005)474

Ittp://consult.cern.chiwritenp/heed/
reported for comparison.

Fabio Sauli EDIT 2011

* Heed, which calculates the energy loss through the 1on1zation ot a particle crossing the

gas and allows to simulate the cluster production process; verse diffusion coefficients;

M. P. Lener, Triple-GEM detectors for the innermost region of the muon apparatus at
the LHCb experiment, Doctoral Thesis, https://cds.cern.ch/record/940631/files/thesis-
2006-013.pdf

Figure 3.23: Simulated electron drift velocity for the studied gas mixtures. The curve of the Ar/CO4 (70/30) is
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the Ar/CO4 (70/30) is also reported as comparison.

» Magboltz, which computes the electron drift velocity, the longitudinal and the trans-
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Figure 3.24: The intrinsic time resolution of a triple-GEM detector as a function of the drift field. The curve of

Gas Mixture Drift velocity (drift field) | < Clusters/mm > | Intrinsic time resolution
Ar/CO4 (70/30) 7 em/ps (@3 kV/em) 33 4.7 ns (@3 kV/cm)
Ar/CO,/CF4 (60/20/20) 9 cm/ps (@3 kV/em) 5 2.3 ns (@3 kV/cm)
Ar/COo/CF,4 (45/15/40) 10.5cm/ps (@3.5 kV/em) 5.5 1.7 ns (@3.5 kV/cm)
Ar/CF4/iso-C4H;q (65/28/7) | 11.5 cm/pus (@2kV/ecm) 5.7 1.5 ns (@2 kV/cm)

Table 3.1: Summary table of the gas mixture properties: optimized drift velocity and average cluster yield. The

relative infrinsic time resolution is also reported.
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Geometry & Field Optimization

4.2 Signals induced by soft X-rays
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Available online at www.sciencedirect.com = NUGCLEAR
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et pmvscs Detector Optimization
ELSEVIER  Nuclear Instruments and Methods in Physics Research A 518 (2004) 106 112 =_sSeconA __ . .
www.elsevier.com/locate/nima
picked up by CMS for its
High-rate particle triggering with triple-GEM detector muon System
M. Alfonsi?, G. Bencivenni®*, P. de Simone", F. Murtas®, M. Poli Lener?,
W. Bonivento®, A. Cardini”, C. Deplanoh, D. Raspinob, D. Pinci® n 01 02 03 04 05 06 07 o8  oF 10 1
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Fig. 4. Time distributions for: (a) ZVgem = 1060 V; (b) Fig. 5. Efficiency in 20 ns time window for a single detector. ' o
EVaem = 1325 V; (¢) EVgrm = 1250 V; (d) ZVgrm = 1230 V. M. Bianco, The GEM detectors within the CMS
Experiment, CERN EP Detector Seminar,
https://doi.org/10.1016/j.nima.2003.10.035 8/7/2022, https://indico.cern.ch/event/1175363/
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2. The multigap RPC: a detector for excellent time

C. Williams, 20 ps time stamping with Multigap
RPC,Jul i 1290, CCERN, &D51 Mini week

What about the parallel

?
plate chamber? 0V

Electric field sufficiently
strong so that gas J/
avalanches start
immediately - induced signal
due to movement of charge
in all avalanches - observed
signal is all avalanches
acting in parallel

high electric
field

Santonico - RPC conference 1996 THIS STATEMENT IS INCORRECT

JJ

https://indico.cern.ch/event/98658/contributions/1291608/attachments/1119123/159700
1/williams-mrpc.pdf

resolution

Crispin Williams, Innovative Detectors for
Supercolliders, 29 Sept 2003, 3 Oct 2003,

Erice (Italy)
/ cathode Electrons avalanche according to
/ | Townsend
- X
N =N, e
Only avalanches that traverse full gas gap
will produce detectable signals - only
| | clusters of ionisation produced close to
J anode cathode important for signal generation.

Avalanche only grows large enough close to anode to produce detectable
signal on pickup electrodes (must be within 25% of distance closest to
cathode if work at aD ~ 20 (max avalanche has 108 electrons)

Time jitter proportional to: gap size/drift velocity

So (a) only a few ionisation clusters take part in signal production
(b) size matters (small is better)

crispin.williams at cern.ch TOF detector slide 8

https://indico.cern.ch/event/415278/contributions/997124/att
achments/848946/1183143/Williams.pdf
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The multigap RPC: a detector for excellent time resolution

even though the description by Santonico in 1996 was incorrect ... it was a very
i \appealing thought - i.e. get many avalanches to act together

: Question: Can we increase gas gain such that

avalanche produces detectable signal | /
: immediately?
(a) Need very high gas gain (immediate
production of signal) q
- (b) Need way of stopping growth of avalanches | /
: (otherwise streamers/sparks will occur) /

’%Eg‘ Answer: add boundaries that stop |

_______________ avalanche development. These

T e boundaries must be invisible to

I / | the fast induced signal - induced
/ signal on external pickup

Tuesday, 20 July 2010

6

MULTIGAP RESISTIVE PLATE CHAMBER

AJL Signal electrode Stack of equally-spaced re- il
Cathode -10 ky  Plafes with voltage applied fo

external surfaces (all internal

plates electrically floating)

]
I / | (-8kV) Pickup electrodes on external
A surfaces - ( any movement of
[ | | (-6 kV) charge in any gap induces signal
/X on external pickup strips)
I / | (4kv) Internal plates take correct
/ voltage - initially due to
| / ] (-2 kV) electrostatics but kept at
/\ correct voltage by flow of

electrons and positive ions -
feedback principle that dictates
Signal electrode equal gain in all gas gaps

Anode O V

e
Tuesday, 20 July 2010

C. Williams, https://indico.cern.ch/event/98658/contributions/1291608/attachments/1119123/1597001/williams-mrpc.pdf
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Nuclear Inssrumens and Methods in Physics Kessarch A 374 {19963 132-135

INSTRUMENTS CONVENTIONAL WIDE GAP RPC

Letter to the Editor Section A Cathode 4-15 kY

ELSEVIER

A new type of resistive plate chamber: The multigap RPC

E. Cerron Zeballos®®, 1. Crotty *, D. Hatzifotiadou®P, J. Lamas Valverde **, o P rym
ab HIH a= : H =d ﬂlﬂil’j HinLgatian prud.ut 10 Uee
S. P»Iv.ﬂ:tpa.m:al . M._C.S. Wl'lhams_ , A. Zichichi Gas gap {5-9 M) 1.8 cin clossst i the ¢
n;;‘:":;‘:iﬂ“m'mffur;: mwﬂw l generates detectable avalanches
© University Lowis Pasteur; Srashourg, France
é University of Bolegna and INFN, Bologea, laly

Received 30 November 1995
atripa (0 W)

Abstract

This Letter describes the multigap resistive plate chamber { RPC). The goal is 10 obtain a much improved time resolution,
keeping the advantages of the wide gap RPC in comparison with the conventional narrow gap RPC ({smaller dynamic range
and thus lower charge per avalanche which gives higher mte capability and lower power dissipation in the gas gap).

.

MULTI-GAF RI'C
l Time resolution e ——
! 15 kW]
Flood llumination 3 x 3 mm gap Cathode (-15 kW)
lsm i ]50 Hmmz .........

T Intenmediate Anode-Ca F BITYE
2 r = (mzlamine resistive plates 0.8 mm thick)
_; 1000 [ . _'_F_WHM- 4 ns {takes vallage due io electirostaiics) ’ (5 EV)
g .,- ------ Bt b W e I :
~ 16 kY 3 m.ni

[ 86 % Argon

or 8.5% CO,
I 0.5% C4F g Primary jonisation produced in the Pick-up strips {0 %)
5% DME 1% mm closest 1o the cathode
L _)I ! genemles detectable avalanches
0 L L P
0 50 100 150
Time [ns] —
Fig. 3. Time spectra of the average of the leading and trailing edge timing |"Ig 1. Schematic d:agrﬂm and prlnclple of OFH'.'I'-E.H'GH of mulli-gap RPC
at 16 kV (200 V above the knee of the efficiency plateau). compared to a conventional 9 mm single gap RPC,

https://doi.org/10.1016/0168-9002(96)00158-1
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Available online at www.sciencedirect.com m=m Ab St ract
. INSTRUMENTS
cclzucz@mu!cr '&"“”m:csl
RESEARCH For the identification of particles in the momentum range 0.5-2.5 GeV /¢, the ALICE

Sechon A

JE

ELSEVIER Nuclear 1 and Methods in Physics R A 533 (2004) 74 TR

o chevier comflocatefmima experiment uses a Time Of Flight array consisting of Multigap Resistive Plate Chambers
Latest results on the performance of the multigap resistive (MRPC) in the form of long strips. The design of the detector elements is as follows :

plate chamber used for the ALICE TOF double stack MRPCs with glass resistive plates and 5 gas gaps of 250 pm per stack. The
latest results on the performance of these MRPCs are presented. Typical values of time

resolution o are better than 50ps, with an efficiency of 99.9% and a long, more than
Applied HV = 12 kW

- 1.5kV, streamer-free plateau.
Before slewing

comections

L]

=]

L=
T

130mm
~——active area 70 mm ———

sigma of 812 ps

entries [ 26 s
ra
[ ]
[=)

Summary

® ALICE TOF conclusive proof of a new era of TOF
i
(10 mm thick)
3 PCBwith 5
cathode picup pods ® excellent timing of mrpc now has encouraged mass
il e implementation of Time-of-flight systems
# ‘\77 internal glass plates
= . A"| (0.4 mm thick) % f : ) )
B= . 75% ® the physics behind the operation of this device makes
anode pickup pads

it an interesting device to work on

'4—§ & T = ” My!arﬁlm.
= = \C ‘ A -(220 ;mc;on thick)
\ A\ / -9 s gaps _ : _ :
\ ) el ® 10 ps devices possible - biggest problem will be the
PCB with :
electronics : the TDC

-
(=]

T AITT

-1000 -750 -500 -280 O 250 500 V3D 1000

flat cable connector

differential signal sent from /

strip to interface card

L

[

=

=]
1

E  After slewing

corections sigma of 48 ps

subtract jitter of start
scintillators (30 ps) gives
time resoluticn of 38 ps

e
=]
T

M5 nylon screw to hold
fishing-line spacer

cathode pickup pads

i} [ i L i honeycomb panel
-1000 -200 500 -400 -200 O 200 400 900 200 1000 N \IMI

Time with respect to start scintillators [ps] ‘°““"‘:‘c’:;::;’:gjdjmﬁ;'w'| Silicon sealing compound iigs::ng;ieous detectors possible with modest

Fig. 3. Time distnbotion of MRPC before and after slewing Fig. 1. Cross-section of the MRPC strip for the ALICE TOF.

29

COTTECtions. —

Tuesday, 20 July 2010

https://indico.cern.ch/event/98658/contributions/129160
8/attachments/1119123/1597001/williams-mrpc.pdf
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3. PICOSEC Micromegas

Discriminating the leading edge of the signal, the 1
timing is strictly connected to the jitter of the cluster ﬂ'l[t“] - n- vy
closer to the amplification stages (here the
micromegas.. Before - LHCb case 1 was the triple
GEM)é

=
o inown
T T

. :
T T

Intrisic Time Resolution (ns)
L [
n n
T

/ | cathode

[*]
T

|

O AfC0Z/CFA (45/16/40)

. /
drift volume 'ZI

-r—
=
in

J p & aefcrafiso(6s/28/7)
§ 0 j . i i i i

= § = 0 1 2 3 4 5 6

t=dy/ vin } €2=do/ Vi Drift Field (kv/cm)

P ———— M I.] .]
* I M I C ro e g aS Figure 3.24: The intrinsic time resolution of a triple-GEM detector as a function of the drift field. The curve of
IIl the Ar/CO; (70/30) is also reported as comparison.
! !

From previous example (LHCb M1) intrinsic time
resolution at leading edge for proportional counters
with direct ionization of the gas is in the ns range
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1991

Nuclear Instruments and Methods in Physics Research A0 (1991) 63-68 61
Morth-Holland

Investigation of operation of a parallel-plate avalanche chamber
with a Csl photocathode under high gain conditions

G. Churpak *, P. Fonte *®, V. Peskov *, F. Sauli *, D. Scigocki * and D. Swarr ¢
“ CERN, CH-121] Geneva 23, Swirzerland

* LIP-Coimbra, Univ. of Coimbra, Pormgal

© WorldLab, Laanme, Switzeriand

* Unie. of California, Davis, CA, USA

Received 18 March 1991

We report results of o systematic study of the le-step dlel-plate avalanche chamber with
Csl photocathode under high-gain conditions at room temperaturs and 1 stm pressure. Different mixturcs of He and Ar with
hydrocarbons were tested, as well as with ethylferrocene vapos which are known 1o form an adsorbed photosensitive layer on the Cs
photocathode. The chamber can reach high gains. up to 10% has 1 very pood time resolution (500 ps FWHM), and an enermy
resolution of 8.2% FWHM for 3X 10" primary photoelectrons with 4 quentum efficiency of the Csl photocathode of about 20% at
193 nm. Photon feedback, caused by avalanche emission with wavelength longer than 200 nm, was observed for large total charge and
found to be nearly independent of the concentration of quencher in the range 7 to 70 Tarr. Breakdown appears a1 a total eharge of
10" electrons and is always of the slow type. There is good proportionality up 1o the breakdown limit.

Filfer ™ _VUY oF Y
- source
Scintillator” i b
y .
M
ig. 1. Schematic view of the al"selup. Fig. 7. Time resalution: the FWIIM is 500 ps.
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Fig. 1. (a) Principle of the photodetect 7 ifthcWbficetive mode
of the clectric field gyrelevi for photoclectron
collection. : *

(b)simula

Sub-nanosecond time response

1999 ot

5 IN PHYSICS
- RESEARCH
ELSEVIER Nuclear Instruments and Mcthods in Physics Rescarch A 449 (2000) 314-321 =—Catend

wiww.elsevier,

Fast signals and single electron detection with a
MICROMEGAS photodetector
Y. Giomataris**, Ph. Rebourgeard®, H. Zaccone®, J.P. Perroud”.

G. Charpak®

AJC 1 Sactay, 91197 Gifsur-Y

ity of Lausanne, Lausanne, Sw

J. Der

HCEAIDSMD,
IPIIE L

neva, Switzerland

Reccived 3 Desember 1999; accepted 14 December 1999

Absiract

The performance of @ new gaseous photodetector was investigated. It consists of u solid photocathode and a gas
amplification structure of the MICROMEGAS type. Using a mixture of helium and isobutane at atmospheric pressure,
a stable and high amplification gain close to 107 was achieved. Such « high gain and small Nuctuations allowed the
detection of single photaclectrons with a time resolution better than 700 ps. These performances are comparable with
those oblained with the best pholomultipliers. © 2000 Elsevier Science B.V. All rights reserved.

hoton
3 — (@) "
Faaid near the photocathode {
e, Phosacabode
20 =50 um k- ":
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dadym s
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il

cetrons for the Csl photoconverter,

9
&

of the anode diseriminated current

2001

_ e UCLEAR
;..g,l:@ & METHODS
e IN PHYSICS
= Secton A

ELSEVIER Nuclear Instruments and Methods in Physics Rescarch A 483 (2002) 670 675

GEM photomultiplier operation in CF4
A. Breskin®, A. Buzulutskov®*, R. Chechik®

= The Weizmann Institute of Science, 76100 Rehovot, Isracl
" Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia

Reccived 17 July 2001; received in revised form 31 July 2001; accepted | August 2001

Abstract

The properties of a 3-GEM (Gas Electron ) element . with a (&
photocathode and CIy gas filling, are presented. Compared 10 other gas mixtures, such as CHa, Ar/CHa, Ar/N; and
He/Ar/Na, CFy has superior performance: the highest gain, approaching 107, the fastest, 8 ns wide signal and the lowest
photoclectron backscattering: the latter allows to reach photocathode quantum efficiency values approaching that in
vacuum. The time resolution of the multi-GEM photomultiplier for single photoclectrons was measured to be 2ns.
These properties are of high relevance for applications in Cherenkov detectors and in tracking devices. @ 2002 Elsevier
Science B.V. All rights reserved

PACS: 29.40.C; 29.40; 85.60.G

Keywords: GEM; CFy; Gaseous photomultipliers
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150 photoelectrons released from the pholocathode per light-
pulse are shown. The data were measured at a gain of 1.2 10%
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The PICOSEC Micromegas (new) concept
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|. Giomataris (2014) Using localized in space and time primary ionization of the gas, produced with a Cherenkov radiator and a photocathode.
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Nuclear Inst. and Methods in Physics Research, A 903 (2018) 317-325

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

VIER journal homepage: www.elsevier.com/locate/nima

PICOSEC: Charged particle timing at sub-25 picosecond precision with a )

Gheck for

Micromegas based detector il

Particle
Cherenkov o
Radiator
Photocathode 8-30 nm HV1 Cathode
Drift 100-300 yum ¢ E- Fleldx o Mesh
Amplification  50-150 ym 4 E_Fieldd round  (Bulk Micromegas)
Hv2 Anode

44 Preamplifier + DAQl

Fig. 1. The PICOSEC detection concept. The passage of a charged particle through the Cherenkov radiator produces UV photons, which are then absorbed at the
photocathode and partially converted into electrons. These electrons are subsequently preamplified and then amplified in the two high-field drift stages, and induce
a signal which is measured between the anode and the mesh.
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Voltage (V)
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i@ | Amplitude
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.25
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Fig. 2. An example of an induced signal from the PICOSEC detector generated
by 150 GeV muons (blue points), recorded together with the timing reference
of the microchannel plate MCP signal (red points) discussed in the text. The
PICOSEC signal contains a fast component produced by the electrons, and a
slower component generated by the ion drift. The fast electron-peak amplitude
and the Signal Arrival Time, defined in the waveform analysis of Section 2.4, are
also shown. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 13. Beam test An example of the signal arrival time distribution for
150 GeV muons, and the superimposed fit with a two Gaussian function (red
line for the combination and dashed blue and magenta lines for each Gaussian
function), for an anode and drift voltage of 275 V and 475 V, respectively.
Statistical uncertainties are shown. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Detector Characterization and Understanding

Nuclear Inst. and Methods in Physics Research, A 993 (2021) 165049

Single Photoelectron Measurements (laser) at
different field configuration

Nuclear Inst. and Methods in Physics Research, A 903 (2018) 317-325

Nuclear Inst. and Methods in Physics Research, A

‘Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/nima

Contents lists available at ScienceDirect
Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

PICOSEC: Charged particle timing at sub-25 picosecond precision with a m |

Micromegas based detector

8.9
* Drift 200 V
8.8 = Drift 225V
a 4 Drift 250 V
= v Drift 275V

o Drift 300 V
1 Drift 325V
= Drift 350 V

Electron Peak Charge (pC)

Fig. 7. Laser test: Mecan of the SAT values (left) and time resolution (right) as a function of the electron-peak charge in case of single photoelectron data, for an
anode voltage of 525 V and drift voltages between 200 and 350 V. The solid curves in the left distribution are the result of fitting the functional form (see text, Eq.
(3)) to the experimental points for each drift voltage, with the constraint that the parameters b and w must be the same for all drift voltages. Meanwhile, the solid
curve in the right distribution is the result of fitting the same equation to all experimental points, without any distinction of the drift voltage. Statistical uncertainties

are shown.
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Figure 1. Illustration of the main PICOSEC detector components (dimensions are only
indicative): the radiator of typical thickness ~ 3 mm, the photocathode, the pre-
amplification (drift) region of depth D (200 um), the mesh, the amplification region

Modeling the timing characteristics of the PICOSEC Micromegas detector )
A
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(128 um) and the anode. A photoelectron, after drifting a length D-L, produces a pre-
amplification avalanche, of length L, ending on the upper surface of the mesh (on the
mesh). A fraction of the avalanche electrons traverses the lower surface of the mesh
(after the mesh) and produces avalanches in the amplification region.

From the jitter of
the cluster closest
to the amplification
stage (in direct gas
ionization) to the
jitter of the starting
of the avalanche

This studies guided
future steps:

Thinner gap,
stronger field before
instabilities, better
resol ution

Today below 12ps
resolution for
1lcm?single
channel PICOSEC
detectors & Csl
photocathode
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An 1T nteresting similarityé
with the silicon LGAD (Low Gain Avalanche Detector)

146 N. Cartiglia et al. / Nuclear Instruments and Methods in Physics Research A 796 (2015) 141-148
‘- o e :n'
t | . g wf T - 2 e
- | = = 100 § 2f Total current
[ { 140 18
|4 l : . - E E ] [E— 120 16 E /
' : £ = ¥ oo i Bl Electrons current
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: 8 = ) . @ ’ /
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e -a time (s
I . T - o e _*_ - E Fig. 11. Left: simulation of the energy deposition from a minimum ionizing particle in a standard n-in-p sensor: the non-uniform charge clusters create irregular signals.
i L., i Right: the current signal associated with the clusters shown on the left side.
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Fig. 2. Schematic AVD profile and resulting electric field
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Innovation for timing detectors

First example: GEM based detectors

A Optimizing time resolution by a factor of 37 4 with MIPs & leading to the LHCb muon chamber M1.

Second example: RPC

A Pushing the time resolution by a factor of 107 100 with MIPs 8 leading to the multigap RPC.

Third Example: Micromegas based detectors

A Pushing the time resolution by a factor of 100i 1000 with MIPs 8 leading to the PICOSEC Micromegas

Aiming at tens of ps

In all the three cases 1 a proper understanding of the detector enabled innovative solutions

<C\ERN§? E. Oliveri | Gaseous Detectors _SNRI 2025, Genova 24-25 November 2025 28
N



New or significantly improved scientific concepts
enabled by technical expertise and technology
Resistive Elements




Development of spark -resistant large -area
micromeqas detectors for the ATLAS upqgrade

Count rates” in the ATLAS Muon System at Vs = 14 TeV for

L= 10% cm2s Conclusions by end of 2009
End-ca End- .
Small Wheel “,.‘.‘.‘."'.'ép poonad = Micromegas (standard) work
o] muons

Rates in Hz/cm? B = Clean signals
Barrel e 3 1 12 1 = Stable operation for detector gains of 3-5 x 103
amnoas - M0 v — = Efficiency of 99%, limited by the dead area from pillars

End-ca MDT: 13 4 = Required spatial resolution can easily be achieved with strip
8 9 13 P TGC: 17 €

Barrdl . < e 4 pitches between 0.5 and 1 mm
muons =St = pog | c Z};rliair?ii;formance could not be measured with the ALTRO
Barrel : End-cap toroid ,
el = = == = RO | +— ot = However: sparks are a problem for LHC operation

‘ o1 40 AT LTES: 2 B = Sparks lead to a partial discharge of the amplification mesh

B N ~-— MDT: 12 . . o A
Tile cal. "] Tile cal i 1] => HV drop & inefficiency during charge-up
J T6c: 100f| +{ree: ﬁl_l_l_l = The good news: no damage on chambers, despite many
LAr cal. | s — Sparks
— AT cal. CSC: 347 Forward Nose —F——
Inner det,  shilding | shicld.
2 TAS }HQUAD —

*) ATLAS Detector paper, 2008 JINST 3 S08003

2010: Making MMs spark resistant
The MAM MA*) R&D activity = Tested several protection/suppression schemes

= A large variety of resistive coatings of anode

= Using the micromegas technology to build muon chambers for the ATLAS = Double/triple amplification stages to disperse charge, as
upgrade was first suggested in an ATLAS Muon Collaboration brainstorming used in GEMs (MM+MM, GEM+MM)
meeting back in 2007 by I. Giomataris (CEA Saclay) . . .. .
= By this time MMs had been successfully used in several experiments at very high - Settled ona protectlon SCheme Wlth resistive strlps

rates (COMPASS, NA48) but the largest chambers did not exceed 0.4 x 0.4 m? n Tested the co ncept SUCCESSfU ||y in the |ab (55 Fe sou rce,
* The idea looked intriguing t f . .
I G DE MR _ Cu X-ray gun, cosmics), H6 pion & muon beam, and
= Profiting from the know-how of the CERN PCB workshop, the first prototype ]
chamber, 0.4 x 0.5 m? in size, was built still in 2007; it worked very nicely with 2.3 MeV and 5.5 MeV neutrons

https://indico.cern.ch/event/149008/attachments/148102/
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Resistive Element (In gaseous detectors)

Pest ovds

chambers (1970)

Muglear Instruments and Methods 196 {1982) 45-47
MNorth-Halland Publishing Company

STATUS AND FUTURE DEVELOPMENTS OF SPARK COUNTERS WITH A LOCALIZED

DISCHARGE

YuN. PESTOV
Irvsoasune of Niselerr Physics, 620000, Nocoubiesk 90, 1L5 5.8

Spark counters with 1 lacalised discharge have been successfully meed in im expericent that mcasured the pien farm factar near the
¢ e —rw seaction threshold Results of the expsriment and future develapments of these counters are discused

1. Spark counter with a localized discharge

The spark counter with a localized discharge 15 a
detector having a high time and coordinate reselution
(1], It consists of two plane parallel electrodes sep
arated from each other by a gas gap. These electrodes
are supplied with constant voltage above the threshold
walue at which the particles begin to induce discharges
between the clectrodes, The sparks discharge a limited
area of the electrodes. The radius of this region is of the
order of the spark gap size. Under these conditions the
sensitivity te the particles situated on the remaining
counter arca is preserved. Discharge location is achieved
by using scmiconducting plass with high resistivity (10"
~ 10" @ cm) for one of the counter electrodes and choos-
ing a spevial gas mixture which absorbs photons before
they travel to the regions of the high eleciric field {2}

The principal lay-out of the counter is shown in
fig. 1. The ancde is made of the semiconducting glass
and the cathode is ordinary glass ante which a layer of
‘copper is vacuum-deposited. A fypical gas mixiure con-
sists of @ noble gas with the addition of organic gascs
the total absorption spectra of which cover a wide range
of photon wavelengths below 225 nm; 25% butadienc;
1.9% cthylene; 10% isobutane; and 85.6% argon under a
total pressure of 12 aim.

The signals propagate in both direction of the coun

Fig, | The principl layout of the localized discharge spark
counter: | cathade copper coated glass: 2 anode semiconduct-
ing glass; 3 copper stnp; 4 spacer.

029- 554X /§2,/0000-0000 /502,73 1 1982 Narth-Holland

ter along Whe strip transmission lines formed by the
cathode and 10 mm wide conductive strips, These copper
slrips are deposited omto the high-resistivity electrode
surface oppesite the spark gap (fig 1). The pulse am-
plitude is several volts into a load of 308, The arrival
times of the signals from the opposite ends of the
counter, 7, and 1,, provide information on the time
required for the passage of the particle [( 1, +1,),/2] and
the coordinate along the strip lines [(7, —1,1/2] The
transverse coordinate may be determined by using the
standard procedures for finding the centre of gravity of
the signals induced on the strips,

Counters have been constructed with areas up to 30
em % 30 cm and with 1, 0.2 and 0.1 mm gas gaps. The
best time resolution was achieved with a gap of 0.1 mm
and was o1 =30 ps. The accuracy of the coordinate
along the counter's strips is measured 10 be equal 10 0.2
mm,

2. The Measurenient of the pion form factor

Laocalized-discharge spark counters were used for the
first time in the experiments on measuring the pion
form factor near the ¢ '~ — v ' = reaction threshold
at the VEPP-IM facility {Novosibirsk} [3] A time-of-
flight spectrometer shown in fig, 2 has been designed on
the hasis of these counters with a 0.1 mm spark gap.
Two spark counters of 11 em % 11 cin and 30 em > 30
e in size were located at a distance of 12 cm and 62
em in a verical plane on both sdes of the beam
interaction region. They were used Jor measuning the
time of flight and coordinates of the collinear pairs of
the particles produced. Scintillation counters were
utilized 45 range ounters since the pions were stopped
in an aluminium absorber not reaching scintillation
counters 1 and 4. The event disiribution over time delay
between the passage of the collinear pairs through the,
spark counters at an energy of 232219 MeV for the
particles which do not register in scintillation counters |

I GASEOUS COUNTERS

pl anar

s p ar k RPC, Santonico-

Cardarelli (1981

Nucless [nstrenents and Methods 187 (1981) 377380
Narta-Holland Publishing Company

DEVELOPMENT OF RESISTIVE PLATE COUNTERS

R, SANTONICO and R. CARDARELLI

Istituso di Fisica dell Universitd d Roms, Roms. l1aty; [rinees Nezlonale di Fisica Nucleare, Sezione di Roma, Itely

Received 12 January 1981

A de operated particle detector hus boon developed knd tosted, whose constituont eloments are two pesallel electrode bukelite
plates between which, in s 1.5 mm gap, 8 gas mivture of argor and dutsre st cedimry pressuse is circulated. The counter has 97%
fficiency asd ~1| ms time resolation at an operating voltage of about 10 KV, The output pulse needs no amplification, bring

typically 300 mV over 25 81,

The detector presented in this paper, which will be
called “Resistive Plate Counter™ (RPC) is based on
essentially the same principle as that recently devel-
oped by Pestov and Fedotovich [1], Nevertheless the
drastic simplifications Introduced in s realization,
such as the absence of high pressure gas, the Jow
requitements of mechanical precision, and the use of
plastic materials instead of glass, makes it of potential
interest in a different and possibly wider range of
applications. In particular it could replace with great
economic advantages plastic scintillators, whenever
large detecting areus are needed under not exceed-
ingly high fluxes of particles.

Aa RPC is a particle detector utilizing a constant
and wniform electric field produced by two paraliel
electrode plates, one of which at least is made of a
material with high bulk resistivity

The gap between the electrodes is filled with a gas
of a high absorption coefficient for ultraviolet light.
When the gas is fonized by a churged particle crossing
the counter a discharge is originated by the electric
field. The discharge, however, is peevented from pro-
pagating through the whole gas because, due to the
high resistivity of the electsodes, the electric field is
suddenly switched off in a limited area around the
point where the discharge occurred, Out of this area
the sensitivity of the counter remains unafiected. On
the other hand, due to the ultra-violet absorbing
component of the gas, the photons produced by the
discharge are not allowed to propagate in the g,
thus avoiding the possibility 10 ociginate secondary
discharges in other pointy of the detector,

RPCs exhibit much better time resolution than

0029-554X/81/0000-0000/$02 50 © North-Holland

wire chambers or limited stroamer tubes [2). This is
an obvious advantage arising from the uniform fleld
with respect to the 1/r field which introduces large
time fluctuations due to the electron drift motion

Time resolutions considerubly better even than
those attanable by scintillators and fast photomulti-
pliets have recently been obtained [1] utilizing RPCs
in a very sophisticated version in which extremely
flat eloctrodes of semiconducting glass and high pres-
sure gas were utilized

What we present here is a new type of RPC utiliz-
ing resistive electrodes of paper trested with a phe-
nolic resin which s commonly well known under the
name of bakelite, having a bulk resistivity of the
order of 10'°-10"" 2 cm

This kind of detector works at ordinary pressure,
it has u small mass thickaess (0.7 glcm?® before the
2ap) it is inexpensive and easy to build even in large
dimensions.

The prototype of counter we built has & sensitive
area of 85 X 13 cm® and consists (see fig. 1) of two
parallel plate electrodes, connected to the high volt.
age supply between which a gas mixture of argon
(S0% in volume) und butase at ordinary pressure is
circalated. The ground commected electrode is a bake-
ite plate of dimensions 103 X 22 X 0.2 cm”® on which
a copper foil 50 um thick is ghued on the side not
facing the gas*. The high voltage electrode is 8

* The coment uwed here and s the following ks epoxy sesin
which hus besa proven 10 gearantee a sufficient electrical
seatact between copper and bakelite. 1ts conductivity can
be inceeased, if meeded. by adding « small amount of graph-
ite.
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The CERN Micro Pattern Technology (MP”

) Workshop

GEM :

il , =

CERN MPT workshop
(Micro Pattern Technologies)

4

EM:
Compass
/CMS GEM GE1/1
CMS GEM GE2/1
ALICE TPC GEM
CBM GEM for Fair

Phoenix TPC (Brookhaven)

SBS tracker (Jefferson Lab)

EIC tracking detectors (Jefferson Lab)
Etc...

/ o b

BM@N (Baryonic Matter at the Nuclotron Dubna)
Low material budget detectors (Hampton university)

Kloe
Totem\
LHC-B

Micromegas

ILC Calorimeter
Minos TPC
T2K

/
ATLAS NSW
Cast
Panda X uBulk deteCtars
TrexDM uBulk detectors
TPC's for Nuclear physics

Beam for School
T2K upgrade
Clas12
Scanpyramid
Etc...

Semi automatic screen printing machine

N ; Manual printing on a T-shirt
Printing area 2m x 0.9m for posters (Satigny)

e

Semi automatic CERN machine 1.5m x 2m

CERN precision machine 20cm x20cm
for Micro-electronic
General purpose

RI—RZ—R3—R4-R5-R6—R7

PCB

PCB

PCB

Sever‘al resistive values and
Shapes have been tested

Test : apply a voltage above the
breakdown voltage of the gas (Air), with
a really high current limitation (10mA)

All detectors died within a sec |
-Vertical resistive layer breakdown
-and massive Mesh melting

‘29000000

https://indico.cern.ch/event/1233427/attachments/2575458/4441180/MPT%20Workshop.pdf
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ATLAS NSW Micromegas (2011)

Nuclear Instruments and Methods in Physics Research A 640 (2011) 110-118

Contents lists available at ScienceDirect

Nuclear Instruments and Methods in
Physics Research A

.
SEVIER journal homepage: www.elsevier.com/locate/nima

T. Alexopoulos et al / Nuclear Instruments and Methods in Physics Research A 640 (2011) 110-118

Mesh support pillar Resistive Strip Embedded resistor Resistive Strip
0.5-5 MQfcm 15-45 MQ 5mm long 0.5-5 MQ/cm

EL

A spark-resistant bulk-micromegas chamber for high-rate applications

T. Alexopoulos?, ]. Burnens”, R. de Oliveira®, G. Glonti®, O. Pizzirusso®, V. Polychronakos €,
G. Sekhniaidze Y, G. Tsipolitis?, J. Wotschack >*

i Copper readout strip
:Nutiarml Tn:hnimf. University of Athens, Athens, Greece Insulator 0.1 SC?nprﬁexr ‘Isélgjpmm 0.15 mm x 100 mm
‘BTCE::'k:hgve::v :‘uiﬁ‘:ﬂfbﬂlﬂmory, Upton, NY, USA
¢ Universita di Napoli and INFN, Italy
Non-resistive MM (Ar:CO, 85:15) Neutron flux = 108 Hz/cm R11 (Ar:CO, 85:15) Neutron flux = 108 Hx/cm?
3 = 600 3 r 600
= Current . -
2.5 HV
550 550
< 2 <
bt S = S
£ 15 505 E 15} 1500 <
3 1 . o . = g, :;’.,, iy T 8 1 [ - R11 current ] T
“ fr e o AV 450 - — R11HV 1 450
0.5 F b L T L 05 F ? ' °
AU AL TR : :
0 Nl T S TR LOS et TN L T oL . . | nadaseletianaai 400
66000 67000 68000 69000 70000 71000 66000 67000 68000 69000 70000 71000
Time (s) Time (s)

https://doi.org/10.1016/j.nima.2011.03.025
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From prototypes to final detectors (and to industry)

50um Kapton + resistive strips

PCB + readout strips - _l —
\ ’___________‘ 25um solid Glue

https://indico.cern.ch/event/1233427/attachments/2575458/4441180/MPT%20Workshop.pdf

In parallel, the community and the MPT workshop looked very
intensively to other techniques compared to screen printing
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Diamond Like Carbon Coating

Starting with screen printing and evolving today into different flavours of materials
and resistivities (e.g. DLC) where a larger range of resistivity can be exploited.

RD51 Common Project

DLC based electrodes for future resistive MPGDs

Title of project: DLC based electrodes for futire resistive MPGDs

Contact person: name: Yi Zhou
address: Jinzhai Road No.96, Hefei, Anhui, P.R.China, 230026
telephone mumber: +86-551-63607940
e-mail: Zhownyi@mailustc.ed

RDS1 Institutes: 1. State Key Laboratory of Particle Detection and Electronics,
University of Science and Technology of China,
contact person; Yi Zhou
e-mail: Zhouyi@meail ush

2. Kobe University,

contact person; Atsuhiko Ochi
ey LICP
e-mail: ochiia kobe-n.ac.p
Theoratical calculation,
3. CERN and simulation
contact person: Rui de Oliveira
e-mail: Ruide Oliverra@cern.ch

4. Laboratori Nazionali di Frascati dell’INFN
contact person: Giovanni Bencivenni
e-mail: Giovanni Bencivennil@Inf infn it

Ext. Collaborators: 1. State Key Laboratory of Solid Lubrication.
Lanzhou Institute of Chemical Physics, Chinese Academy of Science
contact person: Lunlin Shang
e-mail: shanglli@licp.cas.c

Goal of this project:

USTC

Small DLC + Cu
folls production

CERN
Factors affect DLC in
Detector fabricatio

Production of large
Size DLC + Cu foils

Detector Production
with DLC foils

LNF-INFN

Long-tern stability
and aging test

DLC Community Contributions
from RD51 Common Project

Yi Zhou

On behalf of the Resistive DLC Collaboration
KOBE ) l A I = INFN
){ i \\—j S BARI
LNF — Istitto Manenale d iica Nacieare

RD51 Mini-Week, 12-02-2020 0

Used to provide stability to
detectors, in particular single-
stage ones, they also offer
additional advantages (e.g.
improved position resolution,
evacuation paths).

1. Define a stable and well controlled DLC and DLC+Cu processing method for the production of MPGD electrodes
2. Studying the long-term stability under irradiation of DLC and DLC-based detectors.
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Ol d | deas

Micro Gap Chambers Micro Gap Wire Chamber

Micro Wire Chamber

I
: f
AN ’

Figere 227 Scheme of & MGWC with
equipotential nad field lwes The circle filled
wih lines & the section of an anode wie

(e By Tom oo el g el iy Ak ol e [CHRISTOPHEL155%). B. Adeva et al., Nucl. Instr. And Meth. A435
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Angelini F, et al. Nucl. Instrum. Methods A335:69 398 (1997) 195 MicroDot
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MicroGroove ::.:t‘.‘ ety i . i e
....‘., Biagi SF, Jones TJ. Nucl. Instrum.
5 ) ‘..\ - Methods A361:72 (1995)
Ia®a.Og

i R. Bellazziniet al

LPIC

Nl liictand Math. P. Rehak et al., IEEE Nucl.

|
Wik L s A423(1999)125 Sci. Symposium seattle H
oly
Lo cloud
Equipotential ang drift ines g

Camode *
(with zero diffusion)

Anode
R. Bellazzini et al o 7
Nucl. Instr. and Meth. A424(1999)444 oy
p |

3rd July 2014 DT Training Seminar Ochi et al NIMA471(2001)264 15

recover edaé

The € -RWELL detector .

G. Bencivenni, R. De Oliveira, G. Morello, S.
Martellini, et al.

Journal of Instrumentation (JINST) 12 (2017)
P02017.

doi: 10.1088/1748-0221/12/02/P02017

The micro -resistive groove detector: a new compact
single amplification -stage MPGD

Xiangqi Tian, Sigi He, Yi Zhou, Ming Shao, Jianbei
Liu, Zhiyong Zhang, Lunlin Shang and Xu Wang
Journal of Instrumentation, Volume 19, July 2024
DOI 10.1088/1748-0221/19/07/P07031

Development of the Micro  Pixel Chamber with
DLC cathodes,

Yamane F., Ochi A., Matayoshi K., Ogawa K.,
Ishitobi Y. Nucl. Instr. Meth. A 951 (2020) 162938.
https://doi.org/10.1016/j.nima.2019.162938
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https://iopscience.iop.org/journal/1748-0221
https://iopscience.iop.org/journal/1748-0221
https://iopscience.iop.org/volume/1748-0221/19
https://iopscience.iop.org/issue/1748-0221/19/07
https://iopscience.iop.org/issue/1748-0221/19/07

CERN-INFN DLC Magnetron Sputtering Machine

https://events.camk.edu.pl/event/124/contributions/1201/attachments/834/2 https://indico.cern.ch/event/1566851/contributions/6600181/attachments/3142546/55796
223/2025_10_09_SputteringMPT.pdf 06/2025-09-24_giovannetti_LNF_activities_ WP1_task6.pdf

The screen-printing experience further confirmed that direct control of the production
process makes a decisive difference.
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