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Motivation

Timing with a few 10’s of Picosecond State-of-art

. . . . ) ATLAS LHC Upgrade gaus
High Luminosity LHC: wssan ok

Solid state detectors

« Avalanche PhotoDiodes: (o, ~ 20 ps for single cells)
* Low Gain Avalanche Diodes (o, ~ 30 ps)

« HV/HR CMOS (o, ~ 60 ps)

« ATLAS/CMS simulations: ~150
vertexes/crossing (RMS 170 ps).
« Mitigate pile-up background.
» Clean reconstruction of the events
=> ~20 ps timing + tracking info.

« High demand for precise timing
detectors for physics (TOF particle _ _
. ‘g . . PID techniques: Alternatives to RICH methods,
identification), but also for medical J. Vavra, accepted in NIMA 876, 2017,

Gaseous detectors
» Large part the of detector R&D  Resistive Plate Chambers (MRPCs): (o, ~ 30 ps)
community focuses on timing « Micro-Pattern Gaseous Detectors (o, ~ 1 ns)

Extra detector requirements:

. Large area coverage
. Resistance to aging effects “ MPGDs! Need for improvement >2 orders of magnitude
« Cost efficient
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https://dx.doi.org/10.1016/j.nima.2017.02.075

The PICOSEC Micromegas concept

Ionizing

Conversion
region

Amplification regioy

50pum

Anodereadout signal(s)

Proposal by loannis Giomataris:

Replace gas ionization by Cerenkov light & use a
photocathode to create the primary electrons

» Micromegas had already shown timing resolution <700 ps

for single photoelectrons,
—> possibly limited by deuterium pulsed lamp jitter

J Derre et al. Fast signals and single photoelectron detection, NIM A 449 (1999) 314
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Can MPGDs reach ©(10ps) resolution for MIPS?

NO !

Timing Limitation factor: stochastic nature of ionization

* ~5 mm conversion gap is needed for ~100% efficiency
* Random distribution of ~5 e clusters per MIP
* Last cluster position jitter

=>» time jitter of a few ns

Timing performance could be improved by:

» simultaneous creation of primary electrons at the
same distance from the mesh

» shorten conversion region =» limit diffusion, achieve
pre-amplification
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The PICOSEC Micromegas concept
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T. Papaevangelou et al, “Fast Timing for High-Rate Environments with Micromegas”,

EPJ Web Conf. 174 (2018) 02002, MPGD2015 upsdoiore0.105emconr20181 7202002

Two signal components:
*  Fast electron peak (~1 ns)

-> Timing features.
*  Slow ion tail (~100 ns).
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Modification of MM geometry:
« Smaller Drift Gap = eliminate ionization
« Higher applied Drift Voltage - pre-avalanche

Additional Components in MM:

» Cherenkov radiator

* Solid converter - Photocathode
Prompt photoelectrons

A particle produces Cerenkov light in the crystal.
Photons extract electrons from the photocathode.

Electrons multiplied in a two stage Micromegas.

Timing resolution defined by:

®  single photoelectron time jitter (aim < 100 ps)

% Number of photoelectrons (~

1
\/Np.e.)
- efficient photocathode (aim > 10 p.e. / MIP)
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The PICOSEC Micromegas R&D timeline

2015 2016 2017 2018 2019 2020 2021 2022 2023
| | 1 | | ] 1 | |
Proof-of-principle ,, RD51 . RADIAMM a2 p) PIMENT
S =SSR Collaboration project project
Project evolution Started as an RD51 common-fund project:
> 1Stphase Fast Timing for High-Rate Environments:
- Conception of first prototypes A Micromegas Solution
o Proof-of-princip|e awarded on 03/2015
> 2" phase .
: o CEA involvement:
« Understanding & optimization
- Photocathodes RADIAMM: CEA PTC/ID (IRFU - LIST - IRAMIS)

. . : :
1% attempt with multipad detectors » R&D on the improvement of the PICOSEC Micromegas

> 3" phase performance & robustness (photocathode)

« Large area detectors (10x10 cm?)

. Robust photocathodes PIMENT: ANR (IRFU - CENBG - IJCLAB - LIST)

« Resistive anodes » transfer the well-established detector topology

- FEE & BEE to a larger scale (electronics, Micromegas etc.)

> Towards implementation for physics » adapt to the specific needs of experiments
experiments (ENUBET, EIC, HL-LHC...)
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The PICOSEC Micromegas Collaboration
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The PICOSEC Micromegas detector

> Small, single anode prototypes (~1 cm?) to:
« study the PICOSEC concept
- optimize gas / geometry / voltages
« test photocathodes with particle beams

> Large, segmented anode prototypes (10x10 cm?) to:
« prove scalability to large areas
- study sharing of Cerenkov light among pads

- study resistive anode technologies

- develop & test FEE Usual gas mixture: Ne + 10% CF,+ 10% C,Hq

1-ch(@1cm)
(g O

100 channel anode d 1 cm 96 channel anode 00 1 cm

@ thomas.papaevangelou@cea.fr 2nd Italy & France FCC Workshop 4-6 November 2024, Venice, ltaly 7



Detector testing: laser beam

Unique capabilities of the FLUME setup at the
IRAMIS/LIDYL laser facilities @ CEA Saclay:

=>» Study the single photoelectron timing performance

= Understand and optimize the detector
FLUME setup:

Femtosecond Ti:S laser
740 nm, 120 fs, 76 MHz

Optical Parametric Oscillator
560 nm, 120 fs, 76 MHz

Photo-diode
tse = 100 ps
= i Second Harmonic | | Pulse-Picker
Generator, 280 nm 11-300 kHz
PICOSEC
detector LeCroy 5000
Attenuator and Digital
bandpass filters oscilloscope

» IR Ti:S laser with pulse width 120 fs
» N =267-285 nm after doubling
» Energy ~ 10 -100 pJoule / poulse
» Spot size: ~1 mm?
» Repetition 9 kHz — 4.75 MHz
. . . Micromegas
» Light attenuators (fine micro-meshes 10-20% transparent)
> t,reference: fast PD (o1~10 ps) laser beam
light attenuator
//
thomas.papaevangelou@cea.fr 2nd ltaly & France FCC Workshop
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Detector testing: particle beams

Particle Beams @ CERN SPS H4 Beamline
* Muons (80-150GeV)
« 8cm diameter of beam
« 10°muons/spill (measured rate ~kHz/cm?)
* Pions, electrons (30-80GeV)

» Evaluate prototype performance:
* Time resolution
» Detection efficiency
» Photocathode efficiency ((N,.) / MIP)

» Test homogeneity / border effects
» Light/ charge sharing

The setup

* Tracking telescope with GEMs
« MCP PMTs as t, reference devices & triggering
«  Several positions for prototype testing

thomas.papaevangelou@cea.fr 2nd ltaly & France FCC Workshop

GEM1

MM 1 MM 2
MCP1 I
Multipad

CERN/INFN

Single pad

GEM2

MCP2

MMS in
MCP2 pos

GEM3

MM 3

Picolarge Vac chamber

MM 4 MM 6

Multipad
usTC
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1st phase: proof-of-principle
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J.Bortfeldt, et al., “PICOSEC: Charged particle timing at sub-25 picosecond precision with a
Micromegas based detector”, NIM A 903 (2018) 317 jupsstivrore10./0/6)nima 201804033
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Electron Peak Charge (pC)

Single anode prototype

MgF, radiator 3 mm thick,

18 nm Csl on 5.5 nm Cr

200 pm drift gap

Bulk MicroMegas

“COMPASS gas”

Vyitt! Vanode: 475V [ +275V
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2"d phase: understanding the detector

Main findings:

SAT time walk seen in single pe data is explained:

»  SAT reduces with avalanche length
* Long avalanches - big e-peak charge
« SAT reduces with e-peak charge

SAT & Timing resolution are determined by:

* The drift path of the primary photoelectron

- number of photoelectrons in avalanche and its length

Detector modeling

radiator

3 mm

«— ———

photocathode

preamplification
avalanche

preamplification
region
-
W

Time spread (ns)

200 pm

\ 2 2

2018-2021

drift/anode:
-425V | +450 V

p.e. contribution’

avalanche
ontribution }

8.9 r 0.45 - ificati
o BRI %% Pre-amplification Avalanche length (um)
g Drift 225 V ” "
- B - Drift 250V 041 st I S S Bt T N AR R een thewed 2
[ >4 o~ \ s Drift 225V fter the mesh
= 8.7 v Drift 275V 7 \ !
Y o Drift 300 V £ 035 4 Drift 250 V -
£ 8.6 Drift 325 V = K v Drift 275 V &
= * Drift 350 V 2 03 &; } > Drift 300 V L :
= \ “i s L AW Drift 325 V BE
E 84 ‘fa.,. B Do — 1) S % 0.25 ‘%\::-. « Drift 350 V a
283\ | B g
E 82 \\ — .E 11 H 1 1
E,, N \:::__‘—_—*— - =015 J.Borteldt, et al. “Modeling the timing
Gl B S e 8 %4 R 0.1 ‘s characteristics of the PICOSEC Micromegas
-».)\:\‘.—\_______ M"-‘“‘*’F* ’”
8 i ' Detector”, Nuc. Instrum. Meth. A (2021) =
79 | = 0.05 : 6 https://doi.org/10.1016/{.nima.2021.165049 e

Electron Peak Charge (pC)

Electron Peak Charge (pC)

Number of electrons

Time spread of SAT defined by the avalanche length = avalanche size
<" ideal amplification gap = Optimization of the preamplification avalanche = improve timing
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2" phase: detector optimization

\ 2 2

2018-2021

aﬂﬂ_ . —
Detector optimization: ] 20% Neon, 10%
> Field ratio / strength = ;
> Drift gap (120 — 250 ym) > 200
> Gas composition g -
(best performance for Ne + 10%C,Hg + 10%CF,) -
i N
Time-resolution < 50 ps is observed § mﬂp:— .
for single photoelectrons !!! C -
Time resolution ~ 10 ps is possible for high number E
of photoelectrons in modest field conditions u,:' L
0 15

Best time resolution for 1 photo-electron: 44.0 £ 1.0 ps
@V,/ V, =-525V | +275V, 120 pm drift gap

Sohl Lukas, “Development of PICOSEC-Micromegas for fast timing in high rate environments”,
PhD Thesis, CEA Saclay 17/12/2020, https://www.theses.fr/2020UPASP084

thomas.papaevangelou@cea.fr 2nd Italy & France FCC Workshop
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2"1 phase: the photocathode issue 2018-2021

A typical Csl photocathode used in a test beam

f :
L. @ mm MgF,
5.5 nhm Cr
18 nm Csl

» Difficult handling & storage due to high hydrophobicity

» Photocathode is damaged during intense pion beams: sparks,
high ion backflow (25-75% for high drift fields)

MgF2 crystals with DLC photocathode

R&D intwo directionS' 15n$m 25nm 5nm 7.5nm 10 nm

New photocathodes Xu Wang et al, proc MPGD2019

» Diamond-Like Carbon (DLC) or Boron Carbide (B4C)

» Polycrystalline Diamond or thick diamond films as electron
emitters (M. Pomorski)

» Pure metallic (Al, Cr, ...)
Photocathode protection
» Protection layers (LiF, MgF2,...)

» New detector structure: double mesh Micromegas

=>» Important: improve resolution for single photoelectrons
through detector optimization
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2nd phase: Scalability > planarity 2018-2021

Fully contained tracks

The Importance Of planarlty - R<2mm from the center of any pad
* 19-hexagonal pad prototype, SO 2 0 =25.8ps
_ g ad - % 50 | '
«  MgF,, Csl, 200pm drift gap o *..h Pad-11 g
Zoos [ 'y
| 6x M3x10 PEEK screws e R 0.07 | " . Z 200
o / fixed with screws 50'06 [ _*W+
‘/ ) ’ =005 | %++ R 50
Crystal Mf—f‘ Sagana gas connector 004 1 —t— 4+ e
Lo . ) 0.03 | b, 100
Crystal holder base 3x Cathode 0.02 -
glued to PCB spacer PCB - Black: 2 mm s0 L
Red: 2-4.33 mm
- Green: 4.33 — 7.5 mm ™ i L
Readout and MM PCB 3 001 ot %02 005 -0.0 -0.05 0 0.05 01 045 02
o 2 4 6 8 10 Estimated MIP Arrival Time (ns)
Electron-peak Charge (pC) o
Variation on timing resolution & gain: g 5.,
; = After Correction g
«  Among different pads £ e il
. ] Black: Pad -7
+ Along a single pad area I3 Green: Pad -8 7
. . . . = iE - Blue: Pad - 11
=> Non uniformity of the drift field gap Ll i
s 150
200 (LN A
T LY 100
w§ 2 - 50
“ 1 i Sc;ch Elccimn-pcaé Chargcllgp(:: 5 SR T Ve O T T
SAT (ns)
S. Aune et al, "Timing performance of a multi-pad PICOSEC-Micromegas detector prototype”, .
Jp P d P P S. Tzamarias, AUTH

Nucl. Instrum. Meth.A 993 (2021) 165076, https://doi.org/10.1016/i.nima.2021.165076
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Ongoing Development (3rd phase) 20212024

Towards an engineered PICOSEC MM module :
multiple directions in detector development

Scalable MM Detector Pixelated readout
- Prove the performance in a Development of front-end &
multichannel setup back-end readout electronics for
* Flatness (Planarity < 10um) the prototypes
Application in ENUBET
(LP21 Bordeaux/ CEA/ Auth)
« TO tagger and/or
Robustness & Efficiency embedded in a
* Research on various calorimeter
photocathode materials (Replace « Muon monitoring at the
Csl with B4C, DLC,...) hadron dump

» Resistive anode technologies
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Operational since 2021 (CERN-GDD). Similar approach for:

Scalability = importance if planarity 2021-2024

Three possible approaches for modular prototypes with
10x10 cm? active zone :

Rigid, ceramic-core PCB for the MM readout

*  Crystal coupled to the PCB with spacers

*  MgF2 crystal & MM board will be decoupled from the chamber
* Second PCB will be used for signals towards the amplifiers

Flange

M,
B e LR R

Ll
ey ‘

Pogo-pins

 PYYTYYYYYYYY

R TRERal Uil TREESE Gl S

Housin,
MM ¢

The ATLAS NSW Approach

Risk to damage the bulk MM

Advantage:

Low material budget on the detector

Allow the fabrication of large flat boards

Commissioned July 2024 (CEA)

Outer Board
y [ ]

¥

thermal bonding Micromegas (USTC)
micro-Rwell (Jefferson Lab )

thomas.papaevangelou@cea.fr 2nd ltaly & France FCC Workshop

Longer pillars MM module

Pressed against Cherenkov radiator

Risk to damage the photocathode
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10x10 cm? PICOSEC Micro

MM BOARD design: use more rigid (ceramics instead FR4
and thicker MM board material (4 mm instead 2 mm).

0.65 mm

’ Copper 501.|’gltnickness

FR4 0.3, mm thick

Readout pad

-

Epnxy Epaxy fil

FR4 0.3 mm thick

Performance: L
« 180um drift gap
» Csl photocathode 70

« Timing resolution ~17ps
* Uniform over all area

y-axis, mm
o
=3

Timing resolution RMS {ps)

100

A. Utrobicic et al. “A large area 100-channel PICOSEC Micromegas detector with time resolution
at the 20 ps level”, JINST 18 (2023) 07, C07012, https://doi.org/10.1088/1748-0221/18/07/C07012

thomas.papaevangelou@cea.fr

megas (CERN)

2021-2024

“Global” behavior = excellent homogeneity

Mean SAT +10ps

% £ 30
E-Peak Charge (pC)

Resolution (ps)

iy

g & 2 332zs8

H

2

15 0 25 3
E-Peak Charge (pC)

Recovering the resolution in the common corner

for signal-sharing events.

2nd ltaly & France FCC Workshop

ht1

Entries 15318
Mean —~B008
Std Dev 1763
¥ 7 i 161.8/85

Prob
Constant 7197+ 7.5
Mean
Sigma  16.79 £ 0.11

1.025e-06

—8008 £ 0.1

16.79|ps

00-8080-8060-8040-8020-8000-7980-7960-7940-7920-7900

At (ps)

4PAD - corners

1200 © e ahia  inae

1000 — 5
800 :—

600

400 -~

200 -0 =23;14% 0.15 ps
0266100 0 100 200

At (ps)

Y. Angelis, E. Chatzianagnostou, |. Maniatis, S. Tzamarias, AUTH
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Resistive anodes

MESh B R DT | e SRR — GND
» Advantages of the resistive technology

Resistive layer: DLC
» Elimination of destructive effects of discharges \—_ +HV

Insulating layer —

> Stable operation in harsh environment (high flux, /_
Read-out pad

mixed particle field) il il
» Improve position reconstruction H HH

mimimum for protection
mimimum for timing

Optimize resistive anode technology \
maintaining good timing resolution E——

10* 10° 108 107 108 10°

rate capability

. . Surface resistivity [Q/o]
+ Different prototypes (single pad — 100 pads) » Firsttestsin 2018 - OK (L. Sohl thesis)

- Different technologies (resistive DLC foils / double DLC layers / . Detailed modeling (D. Janssens thesis)

capacitive sharing, resistive micro-Well) *  Optimization of resistivity (M. Lisowska thesis)

=> Focus on Timing properties «  Testing different resistivity values & architectures

«  Testing different resistivity values & architectures - Ensure the homogeneity of response

«  Ensure the homogeneity of prototype response over the full area . Spatial resolution studies (A. Kallitsopoulou ongoing)

* Spatial resolution studies «  Implementation on 100-pad prototypes

CERN

CEA (thin PCB)

USTC (thermal bonding MM)
JLAB (uRwell)
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Resolution <20 ps with Csl photocathodes has been reached

M. Lisowska et al. “Towards robust PICOSEC Micromegas precise timing detectors”, JINST
18 (2023) 07, CO7018: https://doi.org/10.1088/1748-0221/18/07/C07018
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Large area, resistive anode detectors

Several pads of the 100-channel module (CERN) were characterised during particle beam measurements

Prototype equipped with Spatial resolution testg:
« 7-pad prototype
« with hexagonal pads

. DLC photocathode achieved time resolution of o < 35 ps . 200kQYO
+ B4C photocathode

. Csl photocathode achieved time resolution of o < 18 ps

for individual pads and fully contained events

Picolarge 200k - Apr 2023 - Run 392
X Residuals mean=-2.17Tmm std=1.47mm

Time resolution
0 140 T T T T T T T
< Double Gaussian fit:
2 30 100-channel, Pad 27 } — 0=16715ps Entries = 1491 100-channel, Pad 14
- / NDF =70.59/ 95 H
o 18 nm Csl +3 nm Cr p=-0.409ps 120 |7 b OB 5mmMagF,+3nm |- d
é 250 +3 mm MgF, -== Gausl: g =14.951ps 7y =265 pact 086 ps DLC
- o, =97.62 ps + 10.83 ps —_—
=] - —— O = 2
z 0=16.7 £ 0.4 ps Gaus 2: 0 .244740ps {50 R A 0=34.0%1.7ps |
200 b measured points RMS, = 40.57 ps  0.74 ps oL . . . |
Residuals in X {mm)
150 sof . ox = 1.47mm
|23
<
g Picolarge 200k - Apr 2023 - Run 392
w 1800 mean=0.01mm std=1.47mm
100 60 - ] 1600
# 40 - 7 2 1000
------------------ -% 800
0 A' s 600
T T T T T T T T 20 = 400
=100 =15 =50 =25 0 25 50 75 -
Signal Arrival Time [ps]
0 710 * Remualsum ¥ {mm) : ”
. . -0.2 -0.15 0.1 -0.05 0 0.05 0.1 0.15 0.2
E. Ch&tZlanagnOStOU_,_MSC Thesis, 2022 Time difference: PICOSEC vs reference, ns oy = 1.47mm
M. Lisowska, PhD thesis dissertation, 2024 A. Kallltsopoulou, prellmlnary
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Thermal bonding Micromegas (USTC)

Design Scheme of the 10x10 PICOSEC MM (USTC) Manufacturing the 10x10 PICOSEC MM (USTC)

* Magnetron sputtering technology to coat DLC

* Thermal bonding Method for making resistive Micromegas
(Resistivity~ 50 MQ/sq)

« Adhesion of MM Board with Ceramic Board to ensure mechanic

strength

-

104mm Photocathode Adhesion of MM Board

with Ceramic Board

» 100 channels of 1lcm*1cm pads
« 104x104 mm? MgF, crystal as photocathode
» Resistive Micromegas with germanium coating

Y. Meng “PICOSEC Micromegas Precise-timing Detectors Towards Large-scale Application
and Optimization”, MPGD 2024, https://indico.cern.ch/event/1453371/contributions/6146437/

Pillars Adhesion of Mesh

Resistive Anode
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Thermal bonding Micromegas = 20x20 cm?

2 approaches towards 20x20cm?:
« Tile of 10x10 cm? modules
« Tile of 10x10 cm? crystals on large MM board.

(".:.:l..
T
-

10 cm x 10 cm

Tiling: 4 x 10 cm x 10 cm 20cm x 20 cm

Tested at SPS H4, Sep. 2024. Preliminary performance:

+ Gain >10°

* Uniformity of o = 32.3% (assembling of crystals in the detector)
* Time resolution with Csl photocathode: o = 25ps (pad’s center)
+ Tested with DLC/B4C photocathodes, analysis ongoing

o = 1000 8 4+ 0177 pe
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Uniformity Map
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Design of the 20x20 PICOSEC MM (USTC)

L
cylindrical pin |

»  Structure similar to that of the 10x10 PICOSEC MM
«  Assembling of 4 104x104x3 mm?3 MgF, as radiator
*  MgF2 crystals placed directly on the frame with cylindrical pins (©1.5)
for positioning
+ Kapton films (12.5um) to compensate for thickness variation
* FR4 board bonded with a ceramic plate, and screws added on the edge to

further strengthen

EFEEEEEEEEESEEESEEEEEENEEEEENENEEEEEEEEE -‘— Mesh
<+— 5mm FR4 PCB

I*— 4mm ceramic board

Y. Meng “PICOSEC Micromegas Precise-timing Detectors Towards Large-scale Application
and Optimization”, MPGD 2024, https://indico.cern.ch/event/1453371/contributions/6146437/
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Micromegas on thin PCB + stiffener

Advantage:
« Low material budget on the detector

» Allow the fabrication of large flat boards
with a mosaic of 10x10 cm? crystals

1st prototypes tested July / Sep 2024

« 10MO/0 Resistive prototypes

« PCB thickness: 0.8 / 1.6 mm

« Detector flatness using stiffener (Roisel)

 Square pads 1cm

* MgF, crystal + DLC photocathode

«  Amplifier cards deported using long lines and
multipin connectors

1st look on the data:

E 50

« Homogeneous gain / timing (~10%) R
. planarity measurements
« Small degradation of performance due to after the stiffener & 9 um

signal lines & connectors

> Improved version in progress A. Kallitsopoulou. PhD thesis, ongoing
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MRwell PICOSEC
10x10 pRWELL-PICOSEC Prototype

Single anode - yURWELL PICOSEC structure
MRWELL-PICOSEC with the optimal pattern: 120 um pitch, 100
pum outer diameter, 80 um inner diameter holes

Best performance for a pattern of 120 um pitch, 100 um outer
diameter, 80 pum inner diameter holes
o, = 23.5 ps for Csl photocathode * Preliminary time resolution with Csl photocathode: o, ~50 ps
(@CERN SPS H4 Beam Test, July 2024) = partially due to drift
gap non uniformity and poor photocathode quality

o, = 37 ps for DLC photocathode
rototype tested in setu .. .
s e i * Analysis is ongoing

uRWELL -PICOSEC PCB

i
gw’

o

—

- ) Tima resolution - Singlo Gauss fit ) q.

= 0007 f 4+ 0076 g [ R i a’
.

x

=

4 = 0001 ms + 0.088 ps T
7y =23.5p8 L 0.091 pa Giass fit Ty = 3.8 pa & 0069 ps
1 RMS, =49.0 s
200 - ™5 ¥

|
RMS, , = 278 ps

1o |

140

100-pads uPRWELL-PICOSEC PCB ~ Large uRWELL-PICOSEC in beam at CERN

Bat

avants

got

Y. Meng “PICOSEC Micromegas Precise-timing Detectors Towards Large-scale Application
and Optimization”, MPGD 2024, https://indico.cern.ch/event/1453371/contributions/6146437/
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LI:|‘2 016 0.1 005 a s 01 E--15 0.2 Time diffarence; PICOSEC v Ralenance, ns
Time difference: PICOSEC vs Refarenca, ns
Time resolution with Csl photocathode ~ Time resolution with DLC photocathode
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Robust & efficient photoc

« Systematic study of carbon based photocathodes
* DLC direct deposition on MgF2 crystls (CERN / USTC)
+ B,C with Cr substrate (CEA/ CERN / USTC)
+ Systematic characterization in monochromators (CERN/USTC)
* Ageing studies
+ Particle beam tests in 2024 (April, July, now)

The ASSET setup @ CERN
for photocathode Q.E. and
ageing studies

X. Wang et al. “A novel diamond-like carbon based photocathode for PICOSEC Micromegas
detectors”, e-Print: 2406.08712 [physics.ins-det]

M. Lisowska et al. “Photocathode characterisation for robust PICOSEC Micromegas precise-
timing detectors”, e-Print: 2407.09953 [physics.ins-det]

athodes

« Detailed modeling of optical properties &
experimental studies (R. Aleksan / A. Kallitsopoulou)
*  Optimization of the light transmission / p.e. yield

« Effect of incident angle 9y Transmission (3mm)
<
\ S 038+
a
J/‘—'
N £ 061
radiator Dy / 8
R, 0.4 — data
[ ! e R T
o o TR 1 2 3 4 5 6
wcathode L 4 L \ Sy = ‘-LE — on/Reflection A (m)
micromegas EENE 2 B o 101

08] —
§064{ T ¢ angles for
S por
l‘“‘[]lil' |\F1E'l\' é 0.4 4 iy ezrack = 0

0 20 40 60 80
e(°)

Important outcome
+ For 3 mm thick MgF, and Csl (Q.E. from a Hamamatsu
commercial PMT) expected yield ~36 p.e.
* Experiment: 10-11 p.e. (for optimized Csl thickness)
=>» reflections due to large impact angle
=>» optimization of metallic substrate matching the
refractive index (Cr = Ti). First tests July 2024, more
systematic in Sep 2024. Expected p.e. factor of ~2
more — analysis ongoing
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Events

Diamond-Like Carbon

Robust photocathodes

DLC photocathodes, thickness 1.5 - 3.5 nm, were characterised during particle beam measurements

Detector with a 1.5 nm DLC deposited directly on the radiator, exhibited o = 31.9 + 1.3 ps;

To enhance UV photon production, a 5 mm MgF, radiator with a 2.5 nm DLC was tested

[ )
[ )
[ )
Time resolution
150 T T T T T T
Entries = 2100 et
2/ NDF = 112.37 /95 Gaussian 2
p=-7.97 ps + 0.68 ps Gaussian comb
7,=26.08ps + 0.91ps
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Teomp = 31:88 Ps & 1.32ps
100 |- RMS,, = 38.10 ps  0.59 ps 3 mm MgF, |
+1.5nmDLC
6=31.9+1.3ps
96.8% efficiency
Npe= 3.0
50 - .

V. =-500V
V, =275V
990 mbar

-0.15 -0.1
Time difference: PICOSEC vs reference, ns
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Efficiency DUT
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Time resolution
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2 -
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120 | RMS, , = 33.01 ps  0.48 ps 5 mm MgFg i
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100 - 0=28.0+x1.4ps |
99.4% efficiency
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60 |- -
40+ -
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0

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1
Time difference: PICOSEC vs reference, ns

0.15 0.2

M. Lisowska. PhD thesis dissertation, 2024
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Robust photocathodes

Boron Carbide

. B,C photocathodes deposited at CEA-Saclay and ESS showed promising results
. Samples of 3 mm MgF, + 3nm Cr + B,C (7.5 - 15 nm)

. Detector with a 9 nm B,C and a 3 nm Cr interfacial layer exhibited o = 34.5 + 1.5 ps;

B,C sample in the sputtering machine

C.-C. Lai, ESS

thomas.papaevangelou@cea.fr

Time resolution

200 T T

Entries = 2417
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N
Pixelated PICOSEC Detector: FEE & BEE

RF-amplifiers (CERN / Zagreb University)

=>» Development if frond-end & back-end electronics . 10 ch amplifierboards (M.Kovacic, A. Utrobicic)

(~ 100 channels) for detector testing

Signal digitization - SAMPIC digitizers (IJCLab, IRFU)
» Development of a 256-channel system

SAMPIC 256-Channel Waveform TDC % irfu

b éiat'rm:' i 3] A. Utrtobicic et al. “Single channel PICOSEC Micromegas detector with improved time
S —= - resolution”, e-Print: 2406.05657 [physics.ins-det]

o

80

FastiC ASIC (CERN)

 Positive or negative input with intrinsic f Mr Tweg
amplification 2 "
« 8readout channels 2
. ~ i +- Civid
2 MHz per channel (tlr_ne & energy) £ s
 ~50 MHz per channel (time only) + FastiC

0
480 500 520 540

 Tested with PICOSEC detector @CERN
SPS H4, Sep. 2024

Cathode voltage / V

L. Scharenberg “Fast-timing and high-granularity readout of MPGDs: FastIC and Timepix4”,
Lucian Scharen berg MPGD 2024, https://indico.cern.ch/event/1453371/contributions/6146454/
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Detector & electronics optimization

Improvement of the timing performance by

reducing external component limitations:

« thinner pre-amplification gap
« enhanced HV stability

* reduced noise level

* improved signal integrity

« dedicated amplifiers

e ®10 mm

thomas.papaevangelou@cea.fr

Metallic anode, 10 mm @&

time resolution of o = 12.5 £ 0.8 ps!

Time resolution
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Time difference: PICOSEC vs reference, ns

300

Resistive anode, 10 mm @

time resolution of o = 12.5 £ 1.4 ps!
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A. Utrtobicic et al. “Single channel PICOSEC Micromegas detector with improved time
resolution”, e-Print: 2406.05657 [physics.ins-det]
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PICOSEC Micomegas summary

- PICOSEC Micromegas R&D activity = an exciting quest, aiming at a huge improvement of timing precision of
MPGDs (> 2 orders of magnitude)
< Ongoing R&D aiming at the development of robust & performant scalable detectors
> Several technologies for 10x10 cm? detectors
> First implementation of 20x20 cm? prototype
> Robust photocathodes with good efficiency
» Detector optimization / alternative gasses

Major results (Csl photocathode - records) Major results (robust detectors)
»  <Np>/MIP~10-11 » 10%x10 cm? prototypes - resistive anode (100 channels)
» 0,~30-35 ps for 150 GeV muons,

with robust B,C or DLC photocathode,

> <N,o>/MIP~3-4

» 0,~ 13 ps, with single anodeprototypes (J=1cm)
» 0,<24ps 10x10 cm?, prototypes (100 channels)

« A significant number of publications and conferences over the last few years including 6 PhD theses completed or
ongoing — more to follow

- Towards implementation of the technology to physics experiments ?
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Prospects: Picosec MM on ENUBET?

Follow up on v Cross-section measurements

CERN NPO6/ENUBET(Enhanced NeUtrino BEams from kaon Tagging)
« ENUBET is aimed:

« At designing a narrow-band beam @ GeV scale
» Having control of the neutrino flux & energy

a V[V i
« ENUBET characteristics facility protons = (K*, r') = K decays 5 _.,9/ . eutrino
«  Monitored neutrino beam ""Le+/ + dEtECtOI'
with no one-to-one correlation I'I

between leptons tagged in beamline and neutrinos
in the far detector —_—h

protons

o

AN
. Proton f ! H W\ “\
absorber AL . H
ALY SERENEN
§ e ¥
g L]
[

* Sub-ns sampling would offer this correlation (~100ps)
. Short, narrow band
o On an event—by—event baSlS focusing and transfer line
» Determine the flavor of neutrino

K'—>ptv, 2

Possible use of PICOSEC Micromegas: o pty,
. . The ENUBET i -
1. t,tagger and/or embedded in the EM calorimeter E Terancuat. £ acerby G, Ballerini, M. B
. . onesini, A. Branca, C. Brizzolari
2. Muon monitoring at the hadron dump https://doi.org/10.22323/1.390.0182
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The Micromegas concept

. Ionizing
A two-region parallel plate gaseous detector particle
separated by a micromesh : | S——
- Conversion region gas , Primary
. T Conversion electrons
« Primary ionization

region

« Charge drift towards A.R.
- Amplification region
«  Charge multiplication

Edrif‘t ~ 102-3 V/CI’T]

HV‘Mesh

- Readout layout Amp“fi;f:)tifgogapi
Strips (1/2 D) Hm
Pixels

= Eamp ~ 10%> Vicm

N T VY L/

=» metallic micromesh (typical pitch ~50 pm)

1 ; Anodereadout signal(s
=» sustained by 50-150 ym pillars node readout signal(s)

Y. Giomataris, P. Rebourgeard, J.P. Robert and G. Charpak,

7

Mesh
signal

“Micromegas: A high-granularity position sensitive gaseous detector for
high particle-flux environments”, Nuc. Instrum. Meth. A 376 (1996) 29
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The Micromegas concept

. 10°
The virtue of the small gap s F | 00V
~  gas = Ar + 5% isobutane
10° g_ p=1 bar
Parallel plate detector gain: G = e%¢ , -
107 300 V
_lepd t
Townsend coefficienta: a = %e A Va 10 E
0L
L oG I, pd) éd :
Gain variation: — = 1 ———|—
G AV,)d e S
1 10 10 10
amplification gap [um]

The gain variation is reaching Optimum amplification gap: 30 — 100 ym

a minimum for : . y
Stable gain — less sensitive to flatness defects

or temperature and pressure variation
- gain homogeneity over large areas

- good energy resolution
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Building a Micromegas

Micromesh

» Many different technologies have been developped for making meshes

(Back-buymers, CERN, 3M-Purdue, Gantois, Twente...)

« Exist in many metals: nickel, copper, stainless steel, Al,...

nanocristalline copper are possible.

III‘IIIII
ENEEEERN
llllllll

el

IIIIIIII
llllllll
EEEEEEEE

A

Electroformed Chemically etched

il
|
. 1

Wowen

Laser etching, Plasma etching, Deposited by vaporization...

Pillars

+ Can be on the mesh (chemical etching)
or on the anode (PCB with a
photoimageable coverlay).

» Diameter 40 - 500 pm every few mm

+ Anode (readout)

thomas.papaevangelou@cea.fr

=t == =]

also gold, titanium,

Si wafer (GridPix)

2nd ltaly & France FCC Workshop

Micro-mesh type - Micromegas family

>

Y VYV

“Conventional”: a micromesh stretched on a frame is
placed on a readout board with the help of spacers
(“pillars™)

Bulk Micromegas: Process to encapsulate the mesh
on a readout board

Resistive Anode

Microbulk: Photolithography & chemical etching of
Kapton foils with Cu layers on both sides (“GEM
technology”).

Hybrid: Micromesh placed on top of a silicon readout
chip (i.e. InGrid, GridPix)

Piggyback: A resistive bulk Micromegas on top of a
dielectric. Decoupled readout

XY-Microbulk: A Microbulk with segmented anode and
mesh. Real XY-structure

Hybrid / double stage: Micromegas with pre-
amplification from at the drift space or by a GEM foll

Micro r-well (uRwell): a resistive Microbulk (DLC layer)

Optical readout: Micromegas build on a transparent
anode and read by an optical camera

Thermal bonding: Mesh stretched under high tension,
supported by pillars formed with thermal bonding

PICOSEC Micromegas
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PICOSEC

H Micromegas

B Micromegas for precise timing
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Standard mixture: gm} ——
Neon / C,Hg / CF,: 80% /10% /10%  § 120- =niind
* Expensive E moj

*  Flammable
* High GWP (~ 740)

Max achievable gain

4 T /
- . '.,/;'/
40— * .

% :
[ A ¢ o5

New mixtures: - .

20— ; o
+ (sl photocathode with resistive
[ micromegas (82 MQ)

I I 1t 00 O R Y

Ne/iC,H,, 94/6 GWP less than 1

l

.

|

/|
% 5 10 15

20 25
Mean Charge {pC)

GWP

The Global Warming Potential (GWP) is the ratio between the
greenhouse effect of a substance over 100 years and that of CO,.
Therefore, if a compound has a GWP of =740, the greenhouse effect
produced by that compound is 740 times greater than that of CO..

2024/10/14

INUVCEIITIVECIT £2UL4,

)

A

~h

T

P:cosz(

Mlcromeys

\\'\(

Different concentrations of Ne and iC,H,,

* Reached ~17ps with the 75/25 mixture and ~19ps with
the 80/20 (~15ps with the standard mixture).

* Need to determine precisely the concentration inside the
detector due to problems with the gas mixing system.

* Ne/iso mixture good candidates to achieve good time
resolution with low GWP (order of 1).

©
o0

.8: ol —&— Standard
5 —8— Neiso 50%20%
s —a— Ne'iso 75%25%
§ —8— Ne's0 85%/15%
2 1
@
e 0 *
E t
- o
25._
.
.
20+ .
" L
L
L
L v
LC] e DY U YWY TUPRY FTUIE PUUTE [TTY|
01 02 03 04 05 06 0.7 08

Mean Amplitude (V)

Aimé, C., et al. "Simulation and R&D studies for the muon spectrometer at a 10 TeV’ Muon Collider.”
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment (2024): 169903. https://doi.org/10.1016/j.nima.2024.169903

Yue Meng — MPGD2024



Expected number of p.e. per MIP

A MIP passing through a crystal will emit:

Npe = 370L [ T{E}QE(E}(I—

Transmission or QE

0.9

n*(E)

L

)dE

MgF2 Transmission
---%--- Csl Q.E. (transHam)

1-1/n*(E) (o)
—— T xQE x (1-1/n%E))

E [eV]

For a MgF2 crystal and a CsT
photocathode with typical
bibliography values for QE(E),
T(E) and n(E) as seen, we expect:

370 x 0.25 = 92 p.e./cm

for a 3 mm MgF2 crystal we
would expect ~28 p.e.

Single photoelectron calibration
runs have been taken using a
cigarette lighter's flame for all
detector settings. Analysis
pending. For the time being
matching the amplitude spectra
with poisson distributions we
estimate ~10 p.e. per MIP

Margin for improvementl!




UV photon detection

Reflective photocathode:

crystal
Photosensitive material is deposited on the top surface of the micromesh. fliton
_ Photoelectrons extracted by photons will follow the field lines to the amplification
region
. . lect
v Smaller ion backflow =» radiation hardness electon
v" The photocathode does not “see” the avalanche =» no photon feedback =» higher gain in Rbotocathode
single stage (~ 10°) micromesh
v Higher electron extraction efficiency avalanche
x Reflection on the crystal 8, Y. o anode
x e path variation 0 O e et |
L . gl NER] insulator
x  Limitation to Microbulk / opaque meshes A .6‘. "p;f
crystal

Semi-transparent photocathode:

v
v
v
v
x
x

X

Photosensitive material is deposited on an aluminized MgF, window (drift electrode)
Extra preamplification stage = better long-term stability
higher total gain
Various MM technologies & gas mixtures possible
Decoupling of sensor - photocathode
Lower photon extraction efficiency
Photocathode exposure to sparks
lon backflow =» radiation hardness (?)

photon

photocathode

electron
preamplification
—— '
micromesh
avalanche

anode

insulator




Electron-peak distribution and Polya fit , _
e The integral of the electron peak is

giving the induced charge

e Charge distribution is fitted by Polya

- function

T |I||IIT =L

< (©+1)*(Q/Q)° 6110
Q TI©e+1)

P(Q;c;6;Q) =

Entries

10

e Fitis giving information of mean signal
’ ‘ charge

—h

O T

\\ e Needed for calculating the
1 DN photocathode efficiency

|
2 4 6 8 10 12
Electron Peak Charge (pC)
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Signal Processing for Precise Timing

 The Standard CDF Technique

« Adjust a curve to the experimental data

 Fitting the leading edge of the waveform

with a logistic function

Po

f(x; Po,P1, P2, p3) = V(t) =p3t 1+e—(x—P1)pP2

« Timing at 20% of peak amplitude for all
signals (SAT — Signal Arrival Time)

>

= 0 —WW
> C ]
Y= lon tail I
-02— 1
03 B
g 04—
= C
4 os-Electron peak
(o6 | . | S H R AR N
( 0 200 400 600 800 1000
L. T[ns]
@ ]
B ¥2/ ndf 37.26/37
L Prob 0.4572
00— R R e B B Llirg, max_amplitude -0.4724 + 0.002929
C X_mid_point 224.2 + 0.00456
C steepness_|left 5.331+0.1076
—0.1— baseline ~0.001429 + 0.0009217
-0.2—
-03-
0.4
n oy
05— | | |
222 224 226
ns
23/09/2023



Best Timing Performance per single cell

Time resolution - Single Gauss fit
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Time resolution vs. Signal Charge Mean SAT vs. Signal Charge
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e Time resolution improves and mean SAT moves at higher signal charge
e Binning is selected according to the Polya fit

e Total time resolution is calculated by the convolution of the individual
time resolutions
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Single Gaul3 fit Superposition of several Gaul3 curves
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e Time resolution is determined by the sigma of the SAT difference between
the DUT and a tO reference

e Correction of the slewing effect improves the fit of the distribution

o? =Y a0l +Y Y aixa;x (o} 407+ (i — py)?)

i=1 i=1 j=i41
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GaN can be an alternative photocathode material?

GaN: 100.""|""|""|""|"". 100‘|'|'| T T T
. - [ sTe Semitransparent ] F At
> Higher quantum efficiency than Csl %, o o0 Hamamatms | ] : x_*"‘\"
. . R — & = GaN Opague 1 |
> Broader bandwidth towards higher Py B =-@=- Gl Opace 5
wavelengths =» Quartz instead of MgF, ? |y 0L hm |
[ ags [ :6:’ B C
» Aging & Stability in the gas? 3 3
> A GaN sputtering target already acquired! £ 1o} “,; 1\
g ‘g 1h % e
= S I " ]
3 G Y
10706260101 1 &
lEsi b A
I L U O TN T AN £ RO Ty e BRSO W) T 0 VI LY \
0h06 750" 200 250 300 350 408" 450
O T L T Wavelength (nm)
100 200 300 400 500 600
Wavelength (nm) QE measurements for opaque GaN
O. Siegmund, et al, “Development of GaN photocathodes samples: .
for UV detectors” Nucl. Instr. and Meth. A, vol. 567, 1, 89- on sapphire (black/green),
GaN 0.15 um cathode on 92, 2006, https://doi.org/10.1016/j.nima.2006.05.117 on an alumina substrate (blue)
a sapphire substrate and on fused silica (red)

Could be ideal for a photodetector for cross-section measurements for water!!!
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Detailed simulations electron

Garfield++ and electronics response
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All behaviors seen in single p.e. laser data are also seen in these detailed Garfield++ simulations.

Phenomenological model describing stochastically the dynamics of the signal formation

The model describes SAT and
Resolution vs. avalanche length
& vs. number of electrons in
avalanche (i.e, e-peak charge)

thomas.papaevangelou@cea.fr
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Avalanche speed = 154 um/ns Time spread of SAT defined by the avalanche length = avalanche size
Electron speed = 134 um/ns arXiv:1901.10779v1 [physics.ins-det]
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Results from beam tests (2017)

Time resolution (ps)

Number of events

Same detector as for Laser tests:
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30k Best result: 24 £ 0.3 ps
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» Result repeated in two different beam campaigns.
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J. Bortfeldt, et al., “PICOSEC: Charged particle timing at sub-25 picosecond precision with a Micromegas based detector’,

Nucl. Instrum. Meth. A903 (2018) 317-325, doi:10.1016/j.nima.2018.04.033 47



Resistive technology tests

15t time spatial resolution
measurements for the 10MO/O resistive
detector

«  Multi-Pad Prototypes (7-pad)
« Hexagonal pads g 1cm
 MgF2 crystal
 Csl & B4C photocathodes

ox=1.5mm oy =4.55 mm
Picolarge Resistive 10M Sharing - Apr 2023 - Run 245
X Residuals_mean=-0.04mm _std=1.55mm Picolarge Resistive 10M Sharing - Apr 2023 - Run 245
3000 oo, L YResiduals mean=0.37mm std=1.50mm
2500 800)
m |
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%AGDH_LI“ Bm 2023 Apr RUN 245 P,“l“ DUT:€‘24 REF:C1 I(w =4.0 mm) J=-1919ns £ 0.116 ps _ )

900, =30.3ps + 0,099 ps |——Gauss it |
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www&ww b
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4 Time difference: PICOSEC vs Reference. ns
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Timing e/m showers: from Simulation t

Embed a PICOSEC-Micromegas layer inside a calorimeter after

a few radiation lengths and/or inside the instrumented hadron damp

First Indications from laser test measurements @ IRAMIS /CEA-Saclay
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First Simulation Studies with Geant4
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Simulation Information

30GeV electron
2 plastic Scintillators
of 1cm thickness

Pb Absorber with
5 RL thickness
3mm MgF2 radiator

2nd Italy & France FCC Workshop

e 1 Timing distribution on PICO radiator ~12ps
o L i Overall timing resolution ~15ps
]

= Y
10° 1= gy

- IR
107 = N ‘

'
07 ‘5|0‘ = ‘130‘ = ‘1é0‘ = ‘230‘ = ‘2&0‘ = ‘330‘ = ‘330‘ L ‘430‘ S

450 500
time diff [ps]

- shower electrons multiplicity

with energy > 5MeV
1200 [ - q q 0
jﬂf‘ inside a ring of a 3mm radius
1000 H ~24 electrons
800 H
600

L]
o

ﬁ Rm
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Ne

For more info see the presentation by A. Kallitsopoulou the RD51 Mini Week,

CERN (7-10 Feb 2022)
https://indico.cern.ch/event/1110129/contributions/4733737/attachments/2388605/40827
33/PICOSEC_in_electron_beam.pdf
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A
Timing e/m showers: from Simulation to Reality

Embed a PICOSEC-Micromegas layer inside a calorimeter after « Particle Beams @ CERN SPS H4 Beamline
a few radiation lengths and/or inside the instrumented hadron damp . Electrons 30GeV

First Indications from laser test measurements @ IRAMIS /CEA-Saclay

I L L1
-2.49 —-2.48 —-2.47
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4505— ~70pes
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First Simulation Studies with Geant4

Simulation Information

30GeV electron «  Multi-Pad Prototype (7-pad)

2 plastic Scintillators o
of 1cm thickness * Resistive prototype

Pb Absorber with
5 RL thickness « Hexagonal pads g 1cm

3mm MgF2 radiator

« MgF2 crystal
 B4C (12min) photocathode
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Detector response to electrons - 10MO/O & B4C photocathode

30GeV electrons without absorber Comparison qf response to MIPS
(high gain)
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Detector response to showers by 30 GeV electrons

Overall timing response to
showers below 30 ps

30GeV electrons with 5cm Fe absorber
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Max Amplitude value ~ 175mV
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First Results on Detector response to high rate Pions

* Pions of 80GeV Energy USSrL‘JgT'\gz;;fj;%r\‘/ce Using picosec as reference
: DUT @ 300/420V
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« The Set Up
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« Single pad 82MO/] resistive - 6nm B4C photocathode
used as reference timing device D |
* Detector Under Test s e e oz Wasa 8 6 sa be 41 b ko 9

« Single pad non resistive - 1 cm - 7nm B4C
Best detector’s response in muons ~56 ps
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What is needed for a new generation cross-section facility? f %

Measure the neutrino flux of a xsect-dedicated short baseline beam with a precision <1% in v, and v, Fluxis
the dominant systematics. Generally known at 10% level with a few notable exceptions

* Combine hadroproduction data + v-e scattering (5-10%). World record: L. Zazueta [Minerva Coll.] PRD 107
(2022) 012001 (3.3-4.7% for v )

* Monitored neutrino beam (this seminar) 0.5-1 %
* Muon storage ring (nuSTORM) <1%

Measure the energy of the neutrino without relying on the final state to get rid of all biases coming from
nuclear reinteractions

* Narrow band beams combined with movable detectors (rough approximation of a “monocromatic beam”)
* Monitored neutrino beam “Narrow band- off-axis technique” (this seminar)
* Tagged neutrino beams (ENUBET+NuTAG — Physics Beyond Collider)
Use the same target as DUNE and HyperK + low Z target (existing or new experiments)
* Some information available from near detectors (but, then, issues with flux x cross-section deconvolution)

* New experiments with existing or novel detectors along a short-baseline beam (following the success of

dedicated experiments like Minerva) ENUBET: the first monitored

neutrino beamF. Terranova
https://indico.cern.ch/event/1353517/at
tachments/2772398/4831052/terranov
a_cern_enubet_15dec2023.pdf
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